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ABSTRACT
The safety margins of operating light water nuclear reactors in the United States are
being enhanced through the development of accident tolerant claddings (ATCs), potentially avoid-
ing severe core degradation under a beyond-design basis accident (BDBA) such as the Fukushima
Daiichi accident of 2011. Under BDBA conditions, current zirconium alloy claddings have been
observed to fail, their oxidized surfaces become non-passivating and Zr within the cladding be-
coming self-catalytic, engendering the complete oxidation of the cladding and hydrogen release
resulting in explosions. Developing alternative materials, such as advanced alloys with superior
oxidation resistance, can mitigate against such a catastrophe. However, for success the compo-
sition and structure, such as morphology and extent of oxidation, of the ATC oxidation growth
under BDBA conditions must be fully understood. Therefore, the aim of this investigation was to
conduct multimodal analysis, employing microscopy, Raman spectroscopy, and synchrotron x-ray
diffraction, to characterize the composition and physical properties of oxidation on a number of ad-
vanced alloys after exposure to air and steam at 1200 °C for 2 h. These conditions simulate reactor
temperature and atmosphere at the onset of a BDBA scenario, a novel time period for studying
the oxidation mechanisms of advanced alloys given that a majority of studies focus on long-term
exposure, usually ∼10 to 100 h. Microscopy techniques elucidated the elemental composition of
the oxidized region, how elements are spatially distributed throughout the region, and estimated
of the extent of oxidation. Raman spectroscopy and synchrotron x-ray diffraction techniques con-
firmed the stoichiometry of the oxide compounds that microscopy alluded to and corresponding
structural phases of those compounds. This investigation thoroughly characterized four alloys: 1)
ferritic Fe-Cr-Al-Mo alloy Kanthal APMT, 2) ferritic Cr-Mo-V steel T91, 3) Ni-Cr solid solution
strengthened alloy Inconel 600 (A600), and 4) austenitic Cr-Ni alloy stainless steel 304 (SS304)
xvi
. Kanthal APMT develops a uniform, compact α Al2O3 passivating layer in both air and steam
that is ∼1 µm thick. Steam exposure of T91 resulted in growth ∼1000 µm thick and featuring
a rough morphology comprised of highly-faceted grains of α Fe2O3 and Fe3O4, residing near the
surface, followed by a porous network of primarily FeO, Fe(3–x)CrxO4, and α Fe2O3 that extends
subsurface. The oxidized surface of T91 after exposure to air is extremely porous, traversing about
100 µm into the alloy, with FeO, α Fe2O3, and Fe3O4 residing primarily at the surface, while Cr2O3
and Fe(3–x)CrxO4 being observed predominantly sub-surface. Alloy A600 after exposure to steam
generates an uniform, compact oxidation layer ∼10 µm, comprised of predominantly Fe(3–x)CrxO4,
Fe3O4, and Cr2O3. After exposure to air, A600 generates an oxidation layer that is also ∼10 µm,
featuring a rough surface with highly-faceted grains primarily comprised of NiFe2O4, with a com-
pact sub-surface layer of predominantly Cr2O3 and Fe(3–x)CrxO4. After exposure to air, SS304
generates a compact oxidized surface that is ∼10 µm thick with sparsely-distributed pores, an
outer layer enriched with Fe- and Mn-based oxidation products, including Fe3O4, Fe(NiMn)O4, and
Mn2NiO4, followed by a Cr2O3-enriched and finally SiO2 sub-surface layers. In contrast, steam-
oxidized SS304 is comprised by a ∼550 µm thick layer featuring a coarse-grained, Fe2O3-enriched
outer layer featuring large voids, followed by a matrix of unreacted alloy alongside spinel oxides,
Fe3O4 and Fe(3–x)CrxO4, and possibly Si-based oxides, SiO2 and Fe(3–x)SixO4. The results of this
study are useful for understanding how the oxide structure and composition aid in the ability of
ATC alloys to withstand extreme conditions. This research fills an important knowledge gap and
offers a powerful tool aiding the design of the next generation of ATCs and provides insight into
designing advanced alloys for similar applications.
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CHAPTER 1. GENERAL INTRODUCTION
1.1 Motivation
The Fukushima Daiichi accident in 2011 has prompted development of materials to
increase the safety margins of light water reactor (LWR) nuclear power plants. The magnitude
9.0 earthquake was the fourth largest earthquake in the world, resulting in more than 20,000
deaths and $220 billion dollars in damage [1]. In wake of the geological event, the Fukushima
plant also received extensive damage as the result of loss of power, ceasing coolant flow through
the plant’s three operating LWRs. Consequently, reactor temperatures reached over 1000 °C in a
matter of hours. The operators’ efforts to manually inject coolant water resulted in three H2
explosions that destroyed three of the four reactors. After the disaster, an extensive investigation
attributed the explosions to the failure of shielding or passivating surface of the fuel rod cladding
[2]. These encasements or claddings are cylindrical tubing used to seal the radioactive UO2 fuel,
usually constructed from zirconium-based alloys or Zircaloys™. Claddings oxidize, forming a
surface layer that is capable of passivating the remainder of the unreacted cladding from further
damage from the reactor operating environment. Lessons learned from the Fukushima accident
have revitalized attention on the use of Zircaloy claddings in domestic LWRs, translating efforts
to expand their safety margins into an interest of national security.
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1.2 About Light Water Nuclear Reactors
1.2.1 Fuel Rods in Light Water Nuclear Reactors
The United States is the largest producer of nuclear energy in the world, followed by
France. As of 2019, there were 98 commercial LWRs, generating 20 % of domestic electricity
demand. A majority of these reactors were constructed in the 1960s, the average plant age being
38 years. The oldest operating reactor is the Nine Mile Point Unit 1 [3]. Overall, these plants are
anticipated to operate for a maximum of 80 years [4]. An example of a typical LWR layout is
featured in Fig. 1.1.
Over the course of an LWR’s operational lifetime, uranium fuel will be a component
with a very high turnover rate. On average, a third of uranium fuel is replaced every 1-2 years [3].
Uranium fuel is generated by purifying natural uranium to U235, the most compatible isotope for
generating optimal quality fuel. Uranium is mined from reserves worldwide, including in the U.S,
leached from extracted gravel into reservoir water using a pH solution and then separated from
the water at a mill. Then, uranium-rich water passes through resin bed to extract the material.
The concentrated uranium oxide, U3O8, has a bright orange or yellow hue commonly referred to
as yellowcake. Afterwards, the water returns to the reservoir to repeat the process. The
yellowcake is then converted into uranium hexafluoride gas (UF6) to initiate the refinement
process. This natural UF6 is converted into it enriched form, of which 5% is U235, using diffusion
and gas centrifuge separation processes. Afterwards, the gas is converted into uranium dioxide
(UO2), which is then grounded into a powder and compressed into fuel pellets [3].
The pellets are then stacked and sealed into the claddings. These slender tubes hinder
corrosion of the fuel and separate the uranium fuel from the coolant system to prevent
cross-contamination and risk of side fission reactions [5, 6]. These fuel rods are housed inside the
nuclear reactor, sustaining the exothermic fission reaction used to produce heat for power
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generation [3, 6]. A schematic of a fuel rod cladding and example of a fuel array are shown in Fig.
1.2.
The fission reaction involves bombarding heavy atoms, splitting their atomic nuclei and
releasing energy. Neutrons are usually used as the vehicle for bombardment. The fragmented
segments are radioactive and release energized neutrons that initiate a chain reaction [5]. Heat
generated from this reaction is supplied to heat exchangers, producing steam used to generate
electricity. Reactor temperature is regulated by a steady supply of coolant through the system,
control rods and moderators sandwiched between the fuel rods, metering the fission reaction rate
[3, 5].
Reactors are classified by the type of fission reaction (e.g. thermal, epithermal, etc.), for
power or research applications, use of water, liquid metal, or gas as coolant, and the arrangement
of fuel rods in the core into assemblies (e.g. cubical, cylindrical, or octagonal, etc.) [6].
Figure 1.1: Schematic depicting the major components of an LWR [3] (NOTE: This image is in the
public domain.).
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Figure 1.2: a) Schematic of a nuclear fuel rod. b) An example of a nuclear reactor assembly,
showcasing the nuclear claddings sealed with uranium fuel (NOTE: This image is in the public
domain.) [3].
1.2.2 Material Selection for Light Water Nuclear Reactor Claddings
In order to safely retain the uranium fuel, claddings must exhibit a number of material
performance capabilities, including:
• be compatible with the nuclear fuel and moderator material;
• exhibit a low absorption cross-section to ensure fission-prompted neutron transfer between
fuel rods;
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• exhibit a thermal conductivity contingent with maximizing the thermal efficiency of the
reactor;
• generate a passivizing high-temperature oxidized surface with minimal consumption of
cladding; and
• accommodate thermal expansion of the fuel during operation [7, 8].
Historically, aluminum, stainless steel, and magnesium alloys were selected to construct
claddings [7, 9]. Aluminum gained notoriety in the development of a full-scale water-cooled
reactor during the Manhattan Project, due to its resistance to water-based oxidation and
acceptable transparency to neutrons. The B-reactor at Hanford, Washington, the first large-scale
Pu production reactor in the world, packaged uranium slugs in cans, which were then encased in
claddings constructed from Al. However, aluminum’s low maximum operating temperature (200
°C) made it unsuitable for future projects. The aluminum claddings were eventually replaced with
austenitic stainless steel but this material would prove to be a challenging alternative. The
stainless steel chemically reacted with fissile products and physically bonded with fuel, resulting
in pellet-cladding mechanical interaction. Furthermore, it was susceptible to intergranular
cracking at low radiation dosages [7]. Magnesium alloy claddings were developed for gas cooled
reactors (GCR) in the 1950s, exhibiting a withstanding operating temperatures around 400 °C
and an optimal relative neutron absorption cross-section for operating purposes. Notable
examples are the A12 alloy, comprised of 0.7 to 0.9% Al, and the ZA alloy with 0.45 to 0.65% Zr.
However, the oxide growth of these alloys in the presence of steam could not be easily controlled
and their maximum operating temperature of only 500 °C limited reactor efficiency [7].
Since the inception of the U.S. naval nuclear program in the 1950s by Admiral Hyman
Rickover, Zircaloys have proven to be the most economical and effective choice to construct
claddings for generation III plants, the two most prevalent variants being Zircaloy-2 and
Zircaloy-4. Zircaloys have been extensively cited for their mechanical integrity, transparency to
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neutrons from the fission process, resilience of their passivation coating, and irradiation
resistance, attributed to the infusion of Fe, Sn, and Ni in the alloy and generation of a passivating
ZrO2 coating. When subject to vaporized H2O coolant under reactor operating conditions (i.e.
200 to 400 °C) this oxidized layer is produced alongside H, Equation 1.1 [7, 9, 10].
Zr + 2 H2O ZrO2 + 2 H2 (1.1)
1.3 Principles of High-Temperature Oxidation
An overview of relevant principles pertaining to high-temperature oxidation is necessary
to explain why oxidation resistance is an important design parameter in nuclear fuel claddings
and ultimately to the development of ATC claddings.
1.3.1 Defining Oxidation
An oxidation-reduction or Redox reaction is an electrochemical reaction in which e- are
transferred between two constituents, the electron donor, also referred to as the reducing agent,
and the electron acceptor, or the oxidizing agent. The oxidation reaction occurs when the transfer
of the e- increases the oxidation state of the reducing agent. In turn, the oxidation state of the
oxidizing agent decreases in the reduction reaction. Redox reactions occur in various medias. For
redox reactions in high-temperature atmospheres involving metals, reactions usually occur
between O2, S, or combustion by-products like H2O and CO2. In redox reactions between metals
with O2, metals usually act as reducing agents, transforming into cations by donating e
- to O2
(Equation 1.2), the oxidizng agents, which become O2- anions due to the electron transfer
(Equation 1.3) [11],





− = O2− (1.3)
where M represents a diavalent metal. Combining the half-reactions Equations (1.2) and (1.3)
produces a generalized oxidation reaction for divalent metals Equation 1.4. For non-divalent








O2 = MaOb (1.5)
where MO signifies the oxidation product and a and b are generalized stoichiometric variables.
This overview of high-temperature oxidation will specifically focus on oxidation reactions between
O and alloys.
1.3.2 Oxidation of Metals
1.3.2.1 The generalized oxidation mechanism in metals
The oxidation of a metal can be segmented into adsorption of O2 or H2O, initial oxide
growth, and diffusion-dominated growth. The oxidation reaction between oxygen and the metal
requires the diffusion of two reactants: O2- diffusing through the surface of the metal and M2+
originating in the metal, Figure 1.3. The process begins by adsorption at the gas-metal (O2/M)
surface interface, in which O2 or H2O prioritizes binding to preferable sites on the surface of the
metal before populating the remaining surface. For example, for Ni stable initial oxide growth
usually has the same crystallographic orientation as the bulk metal. However, for other metals
the nucleation sites for oxidation corresponded to locations throughout the surface that contain
impurities or surface defects. Eventually an initial layer of oxidation products is formed on the
surface. Both adsorption and initial oxidation layer are a function of a number of factors
regarding the conditions at the interface between the surface of the metal and the atmosphere
(O2/M interface), including the crystallographic orientation and defects present at the surface,
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the surface preparation method, and impurities in the metal and atmosphere. At the start of the
oxidation process, the driving force for the oxidation reaction is a large electrostatic potential,
established from the migration of anions and cations. However, the diving force evolves over time
to become diffusion-dominant, continued oxide growth relying on the chemical potential (µ)
across the oxidation barrier. The diffusion-dominant oxide growth is a function of multiple
variables, including kinetics, temperature, P*O2 of the reaction, composition and structure of the
metal, and time [12]. The oxidation products and corresponding mechanism can be elucidated by
understanding the thermodynamics and kinetics of oxide growth [12, 13].
Figure 1.3: Schematic featuring the MO product from the redox reaction between M and O2 and
the inital (0) and final (f) concentrations and gradients of ions M2+ and O2-, respectively across
the thickness of MO, represented by x.
1.3.2.2 Elucidating the oxidation mechanism of a metal with thermodynamics
Thermodynamics can aid in elucidating the oxidation mechanism of a metal by
predicting the composition and distribution of oxidation products throughout the oxidized
ingress. Chemical potential is a measurement of a system’s capability to undergo change, whether
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that be a chemical reaction, a change in physical state, or separation of phases in a mixture [14].
The µ gradient that dictates whether oxide growth is favorable is represented by Gibbs free
energy (dG), which is a quantitative measure of the degree of spontaneity for a system to undergo
a change. For a M-O system, we can establish a simple thermodynamic relationship for predicting
oxidation products to a measurable metric, such as the partial pressure of O2 (PO2). To reach this
relationship, we need to first acknowledge the thermodynamics of the metallic system. Variables
µ and dG are mathematically related through the First Law of Thermodynamics for a
multi-component mixture undergoing a chemical reaction Equation 1.6,




where V is volume, P is pressure, S is entropy, T is temperature, and n is the concentration of
constituent i.
Assuming that the system is at equilibrium, the change in T (dT) and pressure (dP) are
zero, which translates to G being at a minimum value. Therefore, dG is zero. Accordingly, the 1st






where ni is the concentration of species i. Next, we focus on expressing the relationship between µ
and dG for gas mixture containing O2. Returning to Equation 1.6, we assume that the mixture is
an ideal gas at constant n under isothermal conditions. By incorporating the ideal gas law,
translate Equation 1.6 to an expression highlighting the relationship between dG, P, and V
Equations (1.8) to (1.10),


















where Ḡi is the partial molar Gibbs free energy of species i. Incorporating the ideal gas law into
Equation 1.10 provides the following relationship between µ and the partial pressure of







where R is the universal gas constant and P ◦i is the partial pressure of species i at standard
temperature and pressure (STP). With expressions Equation 1.7 and Equation 1.11 for the metal
and gas environments, respectively. A reaction expression is needed to signify the oxidation
reaction, Equation 1.12 and Equation 1.13,
∑
i
νiAi = 0 (1.12)
ni = Eνi (1.13)
where Ai is any thermodynamic property of species i and E is the extent of reaction. Therefore,














which provides an expression between dG and PO2 in terms of the chemical reaction between O2
and the metal. In turn, Equation 1.17 can then be written in terms of the standard Gibbs free













which is an expression of ∆G◦f is only a function of T. An equilibrium constant under isobaric






where PO2 is the dissociation pressure for the formation of a metal oxide. Then Equation 1.14 can
be arranged into a linear relationship that can equated to the state equation for ∆G◦f ,
Equation 1.18,
∆G◦ = ∆H◦ − T∆S◦ = −RTlnPO2 (1.18)
which can be plotted to visually correlate ∆G◦f , as a function of T, to PO2 to identify the
dissociation pressure for the respective oxidation product, P*O2. These relationships are easily
visualized in an Ellingham diagram, Figure 1.4. Based on Equation 1.18, the slope of each line
can easily be discerned to correspond to entropy (S), the positive trend due to the 3rd Law of
Thermodynamics, which dictates that S is always increasing, due to the overall increase in S of the
M-O system as M transitions into a more thermodynamically stable condensed phase (i.e. MO).
Hence, the S of the mixed atmosphere containing O2 must increase to accommodate the 3
rd law.
1.3.2.3 Elucidating the oxidation mechanism of a metal with kinetics
From a thermodynamic standpoint, oxidation will only occur when PO2 is greater than
P*O2. When understanding the kinetics of oxidation growth, the impact of P*O2 is important in
identifying the rate determining process and aids in elucidating the reaction mechanism. If the
adsorption stage is the rate-determining factor, it usually assumed that adsorption is at
equilibrium at the beginning of the reaction and there is a large dependence on PO2. However, if
solid-state diffusion is the rate-determining factor, then thermodynamic equilibrium is assumed at
the interface between the O2/MO and between MO/M interfaces and PO2 is irrelevant since
oxidation at surface is rapid compared to diffusion rate [12]. Oxide formation may deviate from
predicted or stoichiometric behavior, forming non-stoichiometric variants. For non-stoichiometric
oxides, the dependence on PO2 is also dictated by the defect structure. To further elucidate the
oxidation growth mechanism using kinetics, first a succinct overview of periodicity is needed.
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Figure 1.4: Ellingham diagram, modified from Wikimedia Commons [15]
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Crystalline structures like metals are comprised of atoms arranged into a periodic
pattern of repeating units that form a crystal lattice. This periodicity is key to the physical
properties of metals, including creep, fatigue, ductility. Ideally, a crystal is free of any
inconsistencies or defects that would disrupt an otherwise perfect pattern of repeating units. But
in reality, real crystals are comprised of defects, which are the diffusion routes of cations, anions,
and e- that continue the oxidation process. There are two general categories of crystalline defects:
line defects and point defects. Line defects can be dislocations or grain boundaries. Point defects
can be misplaced atoms, vacancies, or interstitial atoms. Point defects can be neutral or charged,
positively-charged defects being anion vacancies and cation interstates while negatively-charged
defects are cation vacancies and anion interstitial sites. Overall neutrality in the metals is
maintained through complementary defects. Once oxide growth has manifested on the surface of
an alloy, further growth is driven by solid-state diffusion of oxygen anions and metallic cations
navigating point or line defects in the lattice of the oxide growth. Ions can navigate the growth
through volume or lattice diffusion using point defects, transitioning between vacancies or
interstitial atoms exchanging places with lattice atoms. Ions can also utilize short-circuit diffusion
paths such as grain boundary diffusion to navigate through the oxidized region. Generally, grain
boundary diffusion has lower activation energy than volume diffusion [11, 12].
Since metallic oxides are ionic compounds, they do exhibit qualities at are analogous to
semiconductors. Concentrations of positively-charged and negatively-charged point defects result
in stoichiometric and non-stoichiometric oxide growth. In stoichiometric oxides, ion mobility is
governed by Schottky and Frenkel defects. In oxides harboring Schottky defects, equivalent
concentrations of anion and cation vacancies, granting diffusion of both anions and cations. In
contrast, oxides housing Frenkel disorders possess either anion or cation vacancies, the respective
ion being the only one that is mobile. In non-stoichiometric oxides, the stoichiometry of the
actual compound may not match the predicted stoichiometry since the concentration of
complementary point defects is not equivalent. In oxides with predominately anion defects, O
concentration does not match the predicted stoichiometry, while in oxides with predominately
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cation defects, the metal concentration does not abide by the predicted stoichiometry. A
neutrally-charged lattice is maintained by either the cations or anions exhibiting multiple valance
states but either cation or anion defects can dominate the lattice based on PO2 [12].
Stoichiometric oxides can possess equal concentrations of mobile positive and
negative-type defects. Non-stoichiometric oxides can be categorized as exhibiting negative
(n-type) or positive (p-type) behavior, corresponding to the dominant concentration of defects
they possess. The n-type or p-type semiconducting behavior dictates whether the µ gradient will
sustain oxidation dominated by either anionic or cation diffusion. N-type oxides exhibit an
abundance of cations or deficit of anions that inject excess e- into the lattice. (Remember that
cations act as reducing agents, providing mobile e-, and a deficient of anions translates to
unbound e-.) In turn, p-type oxides possess an abundance of anions or a deficient of cations.
(Again, recall that anions are oxidizing agents, accepting e- that leave behind positively charged
vacancies or holes, while a deficient of cations results in a deficit of e-.) For instance, NiO, a
cation-deficient p-type oxide, has been reported at temperatures below 1100 °C, to form from
outward diffusion of Ni cations along along grain boundaries [12, 13].
With respect to the dominant ion defect, n-type oxides typically grow inward given the
excess of e- to reduce O2 to O
2-, which diffuse from the O2/MO interface, while p-type oxide grow
outward from an abundance of cation vacancies providing diffusion routes for M2+ from the
MO/M interface. Given the direction of diffusion growth, outward growth of p-type oxides has
the added benefit of healing cracks and voids that can develop during the growth of the oxide
layer. In contrast, crack formation in n-type oxides are prime routes for O2 to diffuse deeper into
the metal, propagating the oxidation process. Growth direction can also impact susceptibility to
spallation. For n-type oxides, inward growth can correspond to compressive strain energy, which
eventually delaminates the oxide layer, resulting in spallation after a critical thickness is reached.
Outward diffusion of cations observed with p-type oxides while does not induce as severe strain
energies can result in cation vacancies at the oxide/metal interface resulting from diffusing
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metallic cations disrupting equilibrium of internal stresses in the alloy and encouraging
delamination of the oxide layer at weak points. Oxidation growth in both directions can
compensate for shortcomings, resulting in a well-passivated surface, which has been hypothesized
to explain the functionality of Ni-based alloys [12, 13, 16, 17].
Electrical conductivity (σ) in a metal oxide is the sum of the conductivity originating
from ions and e-. Measuring σ provides information on defect concentrations within an oxide,
notably based on the relationship between PO2 and σ. Generally, the σ of n-type oxides is
inversely related to PO2 while for p-type oxides directly related [12]. For instance, for FeO, a
p-type oxide, σ has been observed in increase with PO2 [18]. As mentioned prior, PO2 can dictate
the dominant charge carrier. However, some oxides are unaffected by changes in PO2 [12]
depending on T, such as Cr2O3[19]. Overall, the relationship between σ and defect concentrations
in metal oxides can be correlated to the thermodynamic stability of an oxide and ultimately
growth rates. Oxidation products identified in this investigation are tabulated alongside available
σ values and ∆G◦f in Table 1.5. Generally, more stable oxides, such as α Al2O3, SiO2, and Cr2O3
possess low conductivity values translating to low defect concentrations that provide avenues for
diffusion of charged carriers. In turn, these oxides exhibit slow growth rates that make them ideal
choices for high-temperature passivation. In contrast, oxides with higher σ values, which contain
Fe, are also thermodynamically less stable, translating to higher defect concentrations for mobile
charge carriers to traverse to sustain oxidation. This results in Fe-based oxides, particularly
Fe3O4, FeO, and Fe2O3, usually being attributed to having uncontrollable growth at high
temperatures. Fe-based spinel compounds, such as Fe(3–x)CrxO4, exhibit more moderate behavior
given the combination of Fe with elements that produce more stable oxides, such a Si and Cr [17].
The kinetics of oxidation growth at various stages can be represented by an oxidation
rate law. There are three types of ideal rate laws that oxide growth can be associated with are
the linear, logarithmic, and parabolic. A linear rate law is applicable when the oxidation is
independent of the amount of gas or metal consumed, translating to the surface, phase boundary
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process, the oxidation reaction acting as the rate-determining step. A logarithmic rate law is
usually associated with metals that oxidize at temperatures 300-400 °C where initially a rapid
reaction is observed that then tapers off to negligible rates. oxide growth that follows a
logarithmic rate law can be described as either direct or inverse. Finally, a parabolic rate law is
usually associated with oxide growth occurring at higher temperatures than those associated with
a logarithmic rate law, where diffusion through the oxidized region is the rate-determining step
[12].
1.3.2.4 The Wagner oxidation theory
Thermodynamic and kinetic elements that dictate oxide growth on metals are
culminated into the the Wagner oxidation theory (WOT), one of the fundamental models in the
study of high-temperature oxidation. The WOT usually makes the following assumptions about
the oxidation process, including:
• the rate-determining step is the volume diffusion of reactant ions or e-;
• the oxidation reaction at metal/oxide boundary is instantaneous;
• the interfaces (i.e. O2/MO and MO/M) are in equilibrium;
• the driving force for the oxidation reaction is a decrease in dG of the system, as well as a
decrease in the concentration gradients of ions and e-;
• the reactants diffuse independently; and,
• PO2 is equal to P*O2.
The assumptions and principles of the WOT serve as an excellent starting point for
predicting oxidation products of metals and alloys. Under the WOT, an oxide growth is dictated
by the diffusion of metal and oxygen vacancies alongside e-, Figure 1.5. Note that the relationship
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between µ and PO2 with respect to the MO and M is related through the activity, ai, usually used
to express the µ of a component i in a solid phase. M2+ vacancies are generated at the oxide/gas
interface, to be consumed at the oxide/metal interface, and O-2 vacancies are generated at the
oxide/metal interface, to be consumed at the oxide/gas interface. Oxide growth, hence reaction
rate, is dictated by the diffusion rate of these two species and reaction kinetics represented by a
parabolic rate law. Also, ions and e- do not diffuse at the same rate since the separation of
charges corresponds to the development of an electric field. In turn, the electric field dictates the
extent to which the charges separate. Hence, ion/e- transport is dependent on both a chemical
and electrical potential [12, 13].
Figure 1.5: Schematic illustrating oxidation growth based on the Wagner Oxidation Theory [13].
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1.3.2.5 Oxidation of a metal in steam
Oxidation of metals in a steam environment introduces additional sources for producing
O2- anions through the dissociation of H2O through two main routes, Equations (1.19) and (1.20)
[17].
H2O = O
2− + 2H+ (1.19)
H2O = H
+ + OH− (1.20)
In pure steam environments, a small percentage of H2O vapor dissociates to O2 molecules, PO2, in
atm, increasing with T, image courtesy of Figure 1.6. The PO2 is significantly lower than that in
air. For instance, based on Figure 1.6 the PO2 at 1200 °C is ∼10
-5 atm. In contrast, in an ambient
air environment, PO2 is ∼0.21 atm. In addition, H
+ ions are introduced, diffusing into both the
oxide growth and unreacted alloy [20, 21]. The oxidation mechanism of metals and alloys in steam
and the impact of H+ on oxidation growth is not fully understood [17]. Some investigators
postulate H+ impacts O2- diffusion as well as void the formation of voids within the oxide growth
[17, 22]. Regardless, H embrittlement of in-service alloys used in nuclear energy applications is of
major concern and an area of extensive research [10].
Figure 1.6: Plot of calculated PO2 in a pure steam environment at ambient pressure versus tem-
perature [23].
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1.3.3 Oxidation of Alloys
Many of the aforementioned principles regarding the oxidation of metals apply to
metallic alloys. The challenge with understanding the oxidation of alloys is the increasing
complexity due to the inclusion of multiple elements that compete with one another to oxidize.
Just as for a pure metal, the goal of controlling surface high-temperature surface oxidation in an
alloy is to develop a protective coating that passivates the remainder of the alloy from further
attack by the environment. An oxidation coating must:
• act as a diffusion barrier between oxygen and the alloy;
• be comprised of a material that is stable under service conditions;
• compatible with the base alloy; and
• possess a similar coefficient of thermal expansion to base alloy to minimize spallation due to
thermal mismatch.
These complexities surround the composition of the alloy. For instance, in an alloy
oxidized surfaces can feature multiple oxidation products, requiring understanding of solid-state
diffusion trends through the oxide layer, including metallic cation and anion diffusion coefficients.
Furthermore, more complex oxidation products may form from interactions between elements,
such as spinel compounds. In some cases based on the interactions between elements, cations may
work synergictially to enhance their diffusion rates (i.e. serpentine diffusion [24, 25]). To
encourage selective oxidation of one particular product, the alloy may require a minimum
concentration of that respective metal element. This criteria is usually applied to Ni- and
Fe-based alloys that produce Cr2O3 given the passivating capabilities of a Cr2O3-enriched coating
[8, 13, 26]. The arrangement of oxidation products from the outer layer of the oxide to the
oxide/alloy interface can be justified thermodynamically based on the ∆G◦f and corresponding
P*O2. Based on the arrangement of oxidation products in the Ellingham diagram, Figure 1.4,
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more stable oxidation products, near the bottom of the diagram, are usually observed near the
oxide/alloy interface (e.g. SiO2) while less stable oxides near the surface (e.g. Fe3O4, Fe2O3, etc.).
The mechanism explaining this behavior can be explained from a kinetics perspective, cations
belonging corresponding to less stable oxides exhibiting faster diffusion rates, possibly due to the
lower site preferential energies of those cations to reside in lattice defect sites [26]. Also, internal
oxidation below the fully established oxide growth can also be observed, in which nucleation sites
for a usually more stable oxidation product form subsurface but cannot obtain enough O2 to form
a continuous layer due to the above oxide growth hindering O2 diffusion [13, 27, 28].
For a material being evaluated for constructing ATCs, all these qualities must be taken
into consideration. Furthermore, quantifiable metrics must be established to evaluate the
passivation capabilities of a candidate alloy for constructing ATCs. Three metrics that were
identified for evaluating the candidates listed for this investigation are the oxidation products,
morphology, and extent of oxidation after exposure to the temperature and atmosphere observed
in a BDBA scenario. For construction of an ATC, a passivating surface must contain stable
oxidation products, such as Al2O3, Cr2O3, and SiO2 [8]. Furthermore, the morphology of the
oxide should be dense, void- and crack-free and exhibit good adhesion. Finally, the extent of
oxidation should reflect that the oxide consumed minimal amount of alloy to form a passivating
layer, maintaining the cladding’s structural integrity [8, 17].
1.4 Accident Tolerant Nuclear Fuel Claddings
1.4.1 Development of Accident Tolerant Nuclear Fuel Claddings
While ZrO2 is capable of withstanding temperatures up to 1,000 °C, it no longer exhibits
passivating capabilities. In addition, the Zr in the alloy exhibits self-catalytic properties starting
around 997 to 1,227 °C. During the Fukushima accident, operators tried to quench the overheated
reactor to mitigate core meltdown. Consequently, the generation of superheated steam resulted in
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an overabundance of H2 generated, leading to the documented explosions [6, 10, 29]. This
scenario is specifically categorized as a loss of coolant accident (LOCA), a type of beyond design
basis accident (BDBA). LOCAs are defined by the NRC as [30]:
Hypothetical accidents that would result from the loss of reactor coolant, at a rate in
excess of the capability of the reactor coolant makeup system, from breaks in pipes in
the reactor coolant pressure boundary up to and including a break equivalent in size
to the double-ended rupture of the largest pipe in the reactor coolant system.
To prevent similar situations in the future, the United States Department of Energy
(DOE) Office of Nuclear Energy has commissioned the development of claddings with “accident
tolerant” capabilities. These accident tolerant claddings (ATCs) are constructed from alloys that
exhibit lower reactivity with steam, resulting in lower H2 production, higher retention of fission
products, and optimal synergy between fuel and cladding. Most notably, their resistance to
high-temperature oxidation is a key factor in their development. These alloys must exhibit a
superior stability over a wide range of temperatures, particularly at ranges observed in a BDBA
scenario compared to that of conventional Zircaloys, producing oxidation products capable of
passivating the cladding surface under operating and off-nominal conditions [8, 17, 31, 32].
1.4.2 Candidate Alloys for Accident Tolerant Claddings
The advanced alloys selected for this investigation are affiliated with applications
involving high-temperature oxidation. Some of the alloys are used in the construction of other
structural components for nuclear power plants, such as heat exchangers and reactor vessels,
while others are used in other applications that are associated with extreme environments, such
as petroleum refinement, fossil fuel power plants, and turbines [8, 10, 33, 34, 35].
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1.4.2.1 Ferritic Alloys
Ferritic alloys have been investigated as ATC alloys since they have high radiation
tolerance and desirable thermodynamic properties for use in a nuclear reactor environment, such
as a low coefficient of thermal expansion, and an ability to generate chromia and alumina layers
that passivate the bulk material from further oxidation [17, 29, 36]. FeCrAl ferritic alloys, such as
Kanthal™ Advanced Powder Metallurgical Tubing (APMT), generate an Al2O3 layer that is stable
up to 1500 °C [8, 37, 38], providing a higher temperature margin than ZrO2 [8]. FeCrAl alloys
have thus gained more attention for applications to reactors operated at elevated temperatures
[8, 29].
T91 is a ferritic-martensitic alloy employed in the construction of boilers, turbines, and
components for nuclear fission and fusion reactors, due to their mechanical properties, such as
thermal creep resistance [32], and passivating Cr2O3 layer [39, 40, 41].
1.4.2.2 Inconel 600
Inconel 600 (Alloy 600 or A600) is an austenitic solid-solution strengthened Ni-Cr-Fe
superalloy known for its oxidation resistance from the addition of Cr and Al, optimal mechanical
properties, and resistance to thermally-induced creep, making this alloy applicable over a wide
range of temperatures [33, 42]. A600 is used as standard material for constructing critical
components of nuclear reactors, including steam generator tubing, heat exchangers, and pressure
vessels [10, 33].
1.4.2.3 Stainless Steel 304
Austenitic steels, such as stainless steel 304 (SS304), have been historically used in
nuclear energy applications for cladding materials and in other high-temperature applications,
such as exhaust systems, where upstream temperatures can reach 1100 °C [34]. These steels
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generate a passivating Cr2O3 layer and are able to withstand thermal creep instigated from
ramp-up and cool-down operations [34, 36, 43, 44, 45, 46]. Given the past use of stainless steels in
cladding construction, SS304 is an appropriate alloy for reevaluating the performance of austenitic
steels under BDBA conditions.
1.5 Experimental Design
1.5.1 Hypothesis Statement
The hypothesis for this investigation is that the selected ATC candidate alloys develop a
passivating oxide surface that is able to withstand the onset of a BDBA scenario at 1200 °C for 2
h.
1.5.2 Multi-Modal Characterization
These ATC candidate alloys will exhibit a passivating oxidized surface with a
morphology that is compact, void-free, and adherent. Accordingly, the oxide growth must be
comprised of stable oxidation products that grow slow enough to control the amount of the
cladding consumed, to ensure structural integrity is maintained [8]. The thickness of the oxide
layer or the extent of oxidation is a concise metric for noting the passivating capabilities of
oxidiation growth on a candidate ATC alloy, serving as an indicator of the structural integrity of
the remaining cladding [8] For instance, for Zircaloy claddings the Nuclear Regulatory
Commission (NRC) dictates that the extent of oxidation must not exceed 0.17 times the original
thickness of the cladding [30]. Also, an extent of oxdiation that is at a maximum 30% of the
original cladding thickness has been proposed for SS304 [47]. Accordingly, information on the
composition, morphology, and extent of oxidation of oxide growth on ATC alloy candidates
exposed to simulated BDBA conditions will aid in elucidating their respective oxidation
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mechanisms and also evaluate if ATCs constructed from these candidates will meet the required
passivation criteria.
The objective of this investigation is to characterize the physical properties and
composition, specifically the morphology, extent of oxidation, and oxidation products, of the oxide
growth on candidate ATC materials subject to temperatures observed in a BDBA scenario.
Results will be compared to Zircaloy-2 specimens subject to the same conditions. The hypothesis
is that based on the resumes of the selected ATC candidates discussed prior, these alloys are
capable of producing surface oxide growth that can withstand steam environments at 1,200 °C for
2 h, corresponding to the temperature and atmosphere observed at the onset of a BDBA. At the
end of this investigation, the oxide growth of each candidate was characterized using a
multi-modal approach that employed electron microscopy, Raman spectroscopy, and syncrhotron
powder x-ray diffraction to evaluate the composition, morphology, and extent of oxidation to
conclude which candidates meet this hypothesis. This culminated knowledge base of information
is summarized into schematic illustrating the oxidized ingress. An example is featured in Fig. 1.7
[41]. This schematic serves as a tool that both succinctly summarizes the useful information
collected in this work and as a visual tool for investigators to expand upon knowledge of the
oxidation mechanism of these candidate ATC alloys under different conditions.
Figure 1.7: Example of a schematic illustrating the predicted composition, morphology, and extent
of oxidation for alloy T91 [41].
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1.6 Experimental Design
Changes in composition and structural phase through the oxide ingress were analyzed
using microscopic, Raman spectroscopy, and synchrotron x-ray powder diffraction techniques,
Figure 1.8. Microscopy provided direct observations of changes in element composition through
the oxidized ingress, information on morphology (i.e. surface roughness and porosity), and an
estimate of the thickness of the oxidized region, also called the extent of oxidation. Raman
spectroscopy was employed to discern stoichiometry of oxidation products alluded to by elemental
analysis and note consistency in the identified oxidation products at larger sampling size (i.e.
∼100 µm). The application of synchrotron XRD analysis provided high-throughput,
high-resolution patterns for qualitative phase identification [48], corroborating EDS and Raman
spectra results. This section will provide a brief overview of each technique. Details pertaining to
the specifications of each instrument used in this investigation are provided in Chapters 2 to 4.
Figure 1.8: Flowchart illustrating the multi-modal characterization experimental design, conveying
how a) microscopy, b) Raman spectroscopy, and c) synchrotron x-ray powder diffraction contributed
to determining both physical and chemical properties of oxidation growth used to postulate the
respective oxidation mechanism of an alloy.
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1.6.0.1 Microscopy
Microscopy operates off of the principles of optical refraction to capture an image of a
specimen placed in the focal plane of the microscope lens [49]. Two different microscopy
techniques were utilized in this investigation: optical and electron microscopy.
Light or optical microscopy, Figure 1.9a utilizes the visible light spectrum to capture
specimen images at length-scales usually greater than a 100 µm. For oxidation studies, optical
microscopy can provide viable initial observations about surface morphology and extent of
oxidation of an oxidized surface over a larger sampling size. However, the depth-of-field of the
optical lenses is limited to developing high-resolution images only when the entire site of interest
is within the focal plane [49]. Accordingly, in this investigation optical microscopy was employed
for estimating the extent of oxidation of some optically polished cross-sectioned segments of
oxidized surfaces that are ≥ 500 µm.
SEM analysis was employed more often on oxide layers, particularly those with an extent
of oxidation ≤ 500 µm, acquiring information on surface morphology, extent of oxidation, and
elemental composition of the oxide growth. SEM utilizes e- instead of visible light to generate an
image of a specimen, Figure 1.9b. An electron beam is generated by a tungsten or field-emission
source, its trajectory controlled by electromagnetic lenses. SEM was derived from transmission
electron microscopy in the 1960s with the advent of the desktop computer since SEM requires
computational control to raster the electron beam across an area of interest on a specimen. SEM
provides a larger depth-of-field and higher spatial resolutions than optical microscopy and is
capable of performing chemical analysis on a specimen due to the interactions between the
electron beam and the microstructure and composition of the specimen. For instance,
energy-dispersive x-ray spectroscopy (EDS) is a common microanalysis technique equipped to
SEM systems that quantifies the elemental composition in a site of interest based on the
generation of characteristic x-rays that are released by excited orbital e- returning to their
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original state after interacting with the electron beam. EDS provides spatial information on the
distribution of elements, estimated stoichiometry of corresponding compounds, as well as weight
and atomic percentage estimates of elements [49].
Figure 1.9: Comparison between images captured during this investigation from a a) Light Mi-
croscope versus a b) SEM microscope, including a simplified schematic highlighting the major
components of each instrument [50].
Extent of oxidation and EDS analysis were conducted on specimens from surface and
cross-sectioned perspectives. Cross-sectioned specimens were prepared using standard
metallography techniques involving sectioning, hot and cold mounting, and polishing the exposed
cross-section to an optical finish [13, 51]. The extent of oxidation of an oxide layer was estimated
from backscattered electron images captured along each edge of a cross-sectioned specimen,
Figure 1.10. Images were then processed in ImageJ [52]. First, images were calibrated to their
respective scale bar and then rotated until the oxide growth featured in the image was
perpendicular to the vertical. Next, the grid tool was utilized to set at least 10 equidistant
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perpendicular vertical lines that intersected through the oxide growth. The line and measure tools
were then used to determine the distance from the outer layer of the oxide growth to the
oxide/alloy interface using the gridline as a guide. The location of the interfaces were identified
from EDS maps of O enrichment. The extent of oxidation was then calculated from the arithmetic
mean of least 50 measurements were captured per specimen. The uncertainty for the extent of
oxidation measurements were then calculated based on a standard uncertainty of the mean
multiplied by a coverage factor k = 2, corresponding to approximately 95% level of confidence.
Figure 1.10: Data processing of SEM images taken of cross-sectioned specimens. a) orienting the
image so that the cross-section is perpendicular to the vertical access, b) calibrating the image to
the scale bar, c) overlaying a grid to identify 10 equidistant points to d) measure.
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For specimens with an extent of oxidation ≥ 250 µm, the thickness of the specimen after
oxidation was estimated based on low-magnification (i.e. 50×) images, capturing the entire
cross-section. Specimen thickness was calculated in a similar fashion to that used for the extent of
oxidation, instead measuring the entire thickness of the specimen instead of just the oxide growth.
The thickness measurement was then subtracted from the original specimen thickness, providing a
simple metric for determining the direction of growth. Note however, that this approach could
not indicate growth in both directions on a specimen.
1.6.0.2 Raman Spectroscopy
Raman spectroscopy measures the excitation energy released by an atomic electron
excited by exposure to a monochromatic photon source (i.e. laser), Figure 1.11a. When the
electron drops into a lower energy state, the difference in the energy at its previous level and that
of the laser source is referred to as a Raman shift and generates a fingerprint for the atom or
molecule that electron is associated with. The spatial distribution of a particular Raman shift can
also be mapped over a 2D plane to form a filter image, Figure 1.11b . Raman spectroscopy is a
favorable technique for studying oxides formed on the surface of corrosion systems becuase the
unreacted alloy substrate does not generate a response that is statistically significant compared to
that of the oxide layer upon exposure to a monochromatic photon sources. Furthermore, since the
Raman shift is a relative measurement, spectra collected by different instruments are comparable
[53]. The uncertainty reported with Raman shifts in this documentation is the standard deviation
of the mean.
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Figure 1.11: a) Schematic illustrating elastic and inelastic scattering of e- excited by a photon
from a monochromatic source and b) how that information is interpreted by a Raman spectroscopy
microscope to generate a Raman shift and Filter images at a specific wavelength.
1.6.0.3 Synchrotron X-ray Powder diffraction (XRD)
X-ray powder diffraction an analytical technique used to study the microstructure of
crystalline materials based on the interaction between x-rays with the periodic crystal lattice of
the material, Figure 1.12a-b. The mathematical relationship depicting this interaction is Bragg’s
Law, Equation 1.21,
nλ = 2dsin(θ) (1.21)
, where, n is the order of the lattice, λ is the wavelength of the x-rays, d is the distance between
the lattice points, and θ is the glancing angle of the x-ray path. When constructive interference
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between the diffracting x-rays amplifies their signal with respect to that of the incident beam,
Bragg’s law is met and a non-zero intensity is measured by the instrument and generates a
diffraction pattern as a function of θ [54]. In conventional x-ray diffraction, a high voltage is
passed through a tungsten wire, emitting e- that bombard a target usually made from Cu. The
excitation of e- in Cu generate x-rays ∼ 10 keV which then are exposed to a specimen through a
shutter system. Other sources, such as Mo and Fe can be used to generate x-rays up to ∼20 keV.
X-ray diffraction can also be performed at much higher energies using synchrotron radiation, but
must be conducted at dedicated facilities, Figure 1.12d. Synchrotron radiation is generated by
accelerating high-energy e- at relativistic speeds in a magnetic field. These e- are housed in
storage rings alongside powerful electromagnets, producing bremsstrahlung or continuous x-ray
radiation from the deacceleration of the e- as their trajectories are constantly changed by larger
bending magnets (BM) and fine-tuning insertion device (ID) magnets, Figure 1.12e. The ID
magnets provide more precise adjustments to the trajectory of the e- so that the x-rays released
are at a specific energy ranging from ∼1 to 100 keV into an experimental bay referred to as a
beamline where a specimen is waiting to interact with the x-rays [11, 55, 56]. Synchrotron
facilities around the world utilize these precise energies to perform high-resolution
characterization of materials using techniques like x-ray photo-electron spectroscopy, x-ray
spectroscopy, x-ray florescence spectroscopy, and XRD. Access to a wider range of the
electromagnetic spectrum grants analysis of the microstructure of both soft and hard materials,
including biological samples. polymers, liquids, cements, and alloys. Furthermore, given that the
wavelength of the x-rays are closer to the atomic and molecular bond lengths of these materials,
more precise data can be collected that captures structural information that would be missed by
conventional counterparts in a fraction of the time. Synchrotron XRD provides high-throughput
and high-resolution data that can locate weakly diffracting and trace phases within the oxide
coatings, compared to conventional XRD [48].
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Figure 1.12: a) Schematic of a periodic crystal lattice, featuring unit cell and lattice points [57] and
b) schematic illustrating diffraction of x-rays interacting with the crystal lattice [54]. c) Example
of a x-ray diffraction pattern [54]. d) An example of a synchrotron facility [58] and e) A schematic
of the major components in the facility, including storage ring for sustaining high-energy e- and
the beamline at which analysis of the sample occurs [56].
1.7 Baseline Multi-modal Characterization
1.7.1 Control Specimens
Knowledge of the composition and structure of the unoxidized, control samples is
necessary to identify the surface oxidation products. A figure of the nominal compositions of the
alloys studied in this investigation is featured in Figure 1.13 and tabulated values alongside
estimate from control specimens are featured in Table 1.1
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1.7.2 Zircaloy-2
Characterization of Zry2 with the multimodal approach allows for comparison between
the passivation performance of the ATC candidate alloys. A representative image of the Zry2
specimens before and after exposure are shown in Figure 1.14 . Note that the Zry2 specimen that
was not exposed is referred to as the ”control” specimen.
Figure 1.13: Visual comparison of the nominal compositions in terms of weight % for the ATC
candidate alloys studied in this investigation [10, 42, 59, 60, 61, 62]
.
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Table 1.1: Comparison the nominal compositions featured in Figure 1.13 alongside estimates cal-
culated with EDS, values in weight % (wt%) with standard deviation uncertainty. Key: UNS =
United Numbering System, bal = balance, and max = maximum.
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Figure 1.14: Photographs of Representative Zry2 specimens before and after exposure to air and
steam oxidation.
1.7.2.1 SEM Analysis
SEM and EDS analysis of surface and cross-sectioned segments of air-oxidized Zircaloy-2
(Zry2), Figure 1.15 noted a severely warped specimen with a homogeneous Zr-enriched oxide
growth featuring voids through out the ingress, concentrated mostly near the surface, and a minor
presence of Sn through the oxidized ingress. The extent of oxidation is estimated at 1.32 ± 0.15
mm. The original specimen thickness is ∼2 mm, meaning 67% the original thickness of the
specimen was consumed by oxidation. Analysis of steam-oxidized Zry2, Figure 1.16 noted a
Zr-enriched oxidized region with notable fractures at the surface that, based on analyzing
cross-sections, extend into the oxide ingress featuring and a thin concentrated region of Sn is
observed ∼ 210 µm below the surface. In addition, Zr-depleted voids are also observed
immediately below the oxide/alloy interface. In contrast to air-oxidation, the extent of oxidation
was estimated at 0.28 ± 0.04 mm, which is only 15% of the original specimen thickness.
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Figure 1.15: SEM a) surface and b) cross-section analysis of Zry2 after exposure to air, including c)
A reproduction of the insert from b) alongside corresponding individual EDS maps for the major
elements observed in the oxidized region
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Figure 1.16: SEM a) surface and b) cross-section analysis of Zry2 after exposure to steam, including
c) alongside corresponding individual EDS maps for the major elements observed in the oxidized
region.
1.7.2.2 Raman Analysis
Raman analysis of air- and steam-oxidized Zry2 is featured in Figure 1.17 alongside a
standard Raman spectra for ZrO2 [63]. Characteristic Raman shifts at 179, 192, 222, 306, 333,
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347, 383, 475, 502, 538, 556, 613, and 633 cm-1 match Raman shifts belonging to experimental
spectra.
Figure 1.17: Raman analysis of Zry2 after exposure to air and steam.
1.7.2.3 XRD Analysis
Synchrotron diffraction patterns acquired from control, air-oxidized and steam-oxidized
Zry2 specimens are compiled into Figure 1.18. Qualitative analysis was conducted using the
PDF-4+ software published by the International Center for Diffraction Data (ICDD) [64]. The
precision of a match between a standard and experimental pattern is quantified by a
goodness-of-match (GOM) score, higher precision associated with a higher score, the maximum
being 8000. GOM scores for qualitative analysis of experimental patterns are summarized in
Table 1.2. The detection of ZrO2 is agreement with Zr-enriched oxidized surfaces observed after
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exposure to both air and steam. In addition, the presence of ZrO2 is in agreement with the vast
body of study on Zircaloy [7, 9, 10, 29, 65, 66, 67, 68, 69, 70, 71, 72, 73].
Figure 1.18: Comparison of synchrotron XRD patterns from control Zry versus the oxidized surfaces
of Zry2 after exposure to air and steam.
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1.7.2.4 Oxidation Mechanism of Zircaloy-2 under BDBA Conditions
The information from SEM Figures 1.15 and 1.16, Raman Figure 1.17, and XRD
Figure 1.18 contribute to the schematic illustrating the oxidation mechanism of Zry2 in air and
steam, Figure 1.19. A ZrO2 layer is observed in both environments, which is in agreement with
reported literature on Zry2 [29, 68, 70, 71, 72, 74]. There is a noticeable increase in the
concentration of other alloy elements, Cr, Fe, and Ni below the oxidized region, which most likely
is the result of depletion of Zr from the alloy during the oxidation process. Based on the % of
original specimen thickness that is oxidized, air appears to be the more aggressive environment
than steam, the air-oxidized specimen also being more noticeably warped than its steam-oxidized
counterpart, Figure 1.14. The change in the thickness of the specimen before and after air
oxidation (0.94±0.04 mm increase) and the oxide growth illustrated in Figure 1.15, suggest that
the ZrO2 growth propagates both outwardly and inwardly into the specimen. In contrast, steam
oxidation based on the extent of oxidation appears to be a less aggressive environment than air.
The increase in Cr, Fe and Ni below the oxidized region is not observed after steam-oxidation, but
a thin region of Sn manifests within the oxidized region. This layer of Sn appears to be
unoxidized but additional analysis would be needed to confirm. Based on the change in the
thickness of the specimen before and after oxidation in steam (0.15 ± 0.01 mm decrease), the
oxide growth propagates inward.
The lower extent of oxidation with steam is contradictory given the library of
information from the Nuclear Regulatory Commission, Department of Energy, and International
Atomic Energy Agency that details the behavior of Zry2 in a BDBA scenario, namely the risk of
Zr becoming self-catalytic and prompting a runaway oxidation reaction with steam above 1000
°C, resulting in an overabundance of H2. Moreover, Zry2 is extremely susceptible to H2
embrittlement under operating and off-nominal conditions, like a BDBA scenario, which
diminishes the structural integrity of the Zircaloy claddings, leading to severe crack propagation
and disintegration of the cladding [10, 30, 75, 76]. However, some investigators have not observed
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the aggressive growth rates under similar conditions as those studied in this investigation [74].
Nonetheless, this finding is an opportunity for further study regarding the oxidation mechanisms
of Zry2 at the onset of BDBA temperatures.
Figure 1.19: Schematic featuring the oxide growth of Zry2 after exposure to a) air versus b) steam.
1.7.3 Summary of Reported ATC Candidate Oxidation Products
Reported oxidation products for APMT, T91, A600, Zry2, and SS304 and corresponding
references are mentioned when comparing to the oxidation products observed within this
investigation to that reported in literature for each respective alloy in Chapters 2 to 4. Aside from
the alloy name and description, the reported temperature range (T) and time (t) the oxidation
products are reported are included. Detailed references for the citations listed alongside each
product are available afterwards. See Table 1.3 and Table 1.4 for tabulated summaries pertaining












































































































































































































































































































































































































































































































































































































































































































1.7.4 Summary of Electrical Conductivity for Identified Oxidation Products
The semiconducting properties of metal oxides can impact the passivation capabilities of
oxide growth containing them. To aid in a discussion correlating the estimated extent of oxidation
to the electrical conductivity (σ), reported σ and standard Gibbs free energy of formation (∆G◦f )
data for oxidation products identified in this investigation were tabulated in Table 1.5. Care was
taken to identify data that was as close to the exposure conditions explored in this investigation,
at 1200 °C and 1 atm.
Table 1.5: Summary of σ and ∆G◦f for identified oxidation products.
Oxidation
Product






α Al2O3 1 × 10−10 [1000] [96] -943 [27]
Cr2O3 2.6 × 10−2 − 6.8 × 10−2 [1200] [19] -620 [27]
FeO 874 (Fe0.91O) [1195] [18] -433 [27]
α Fe2O3 9.45 × 10−2 [1200] [97] -292 [27]
Fe3O4 224 [1200] [98] -440 [27]
Fe(3–x)CrxO4 0.85 [412] [99] -480 (x=1) [100]
Fe(3–x)SixO4 5.84 × 10−8 (x=1) [25] [101] -499 (x=1) [100]
Fe(NiMn)O4 1.8 × 10−7 − 2.9 × 10−4 [25] [102] N/A
Mn2NiO4 1.4−9.1 [800] [103] N/A
NiFe2O4 0.26−1.4 [800] [103] N/A
SiO2 1.1 × 10−10 [1000] [104] -774 [27]
ZrO2 0.37 [1526] [105] -882 [100]
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2.1 Abstract
Limited information is available on the oxidation mechanism of accident tolerant
claddings (ATC) Kanthal APMT and T91 at the onset of beyond design-basis accident (BDBA)
conditions. We characterized the surface of these ATC alloys after steam and air exposure at
1,200 °C for 2 h, defining the oxidation mechanism. Thickness and composition were analyzed
with microscopy, Raman spectroscopy, and synchrotron diffraction. Our results demonstrate that
APMT forms a compact and homogeneous α Al2O3 layer when exposed to air or steam. T91
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forms a heterogeneous porous layer, containing a mixture of Cr- and Fe-based oxides, whose
composition changes with the exposure environment.
2.2 Introduction
The degradation and failure of the zirconium alloy (Zircaloy) nuclear fuel claddings
contributed to the hydrogen explosions observed during a beyond design-basis accident (BDBA)
at the Fukushima Daiichi Nuclear Power Plant in 2011 [1, 2, 3]. Formation of passive oxide films
on fuel rod claddings contributes to safe operation of nuclear reactors by shielding the fuel from
the extreme reactor environment [4]. Zircaloys, such as Zircaloy-2, are the current industry
standard due to their good mechanical integrity, passivation capabilities, and neutron
transparency under reactor conditions [3, 5]. Zircaloy, while stable at reactor operating
temperatures (∼290 °C), exhibits self-catalytic behavior between 997 and 1227 °C, corresponding
to temperatures observed in a BDBA scenario [2, 3]. Accident tolerant cladding (ATC) alloys are
potential alternatives, capable of mitigating catastrophic damage associated with a BDBA
scenario and improving reactor performance by enhancing synergy between cladding and fuel
under operating conditions [6]. Under operating conditions, ATC materials have favorable
mechanical properties, such as exhibiting sufficient creep to allow for thermal expansion of fuel
pellets. Also, ATCs allow for adequate heat transfer to the coolant but have a high heat capacity
to minimize increase in cladding temperature when coolant is lost. In addition, a minimal amount
of ATC is oxidized to effectively passivate the cladding and maintain its mechanical integrity [7].
Ferritic alloys have been investigated as ATC alloys since they have high radiation tolerance and
desirable thermodynamic properties for nuclear reactor applications [6]. Of the ferritic alloys
being studied,those generating Al2O3 , Cr2O3 , or SiO2 films are the most desirable due to their
controllable growth rates at temperatures observed in BDBA scenarios [4, 7, 8]. FeCrAl ferritic
alloys, such as Kanthal© APMT, generate an Al2O3 layer that is stable up to 1500 °C [7, 9, 10],
providing a higher temperature margin than ZrO2 [7], making them better candidates for high
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temperature reactor applications [6, 7]. T91 is a ferritic-martensitic (F-M) alloy, which is
employed in the construction of boilers, turbines, and components for nuclear fission and fusion
reactors, due to its mechanical properties, such as thermal creep resistance [11], and passivating
Cr2O3 layer [12, 13, 14]. Limited knowledge is available for initial oxide layer composition formed
on T91 and APMT at the onset of oxidation at BDBA temperatures when they are exposed to
steam and air for short exposure time (i.e. ∼2 h). Such knowledge is desirable to determine their
growth kinetics in timeframes associated with a BDBA.
Our work is focused on understanding the oxide film growth at the onset of BDBA
temperatures (i.e. ∼2 h) which is crucial to a comprehensive understanding of oxidation
performance of these ATC alloys over longer timescales. To the best of the author’s knowledge,
no information is available on the oxidation behavior of T91 within the timeframe studied in this
investigation. Limited studies have been done for the initial oxidation mechanism of Kanthal
APMT [15, 16]. To address this gap, our present work investigates oxide layer composition of
APMT and T91, in steam and air environments, at 1,200 °C for 2 h, using scanning electron
microscopy (SEM) coupled with energy-dispersive x- ray spectroscopy (EDS), Raman
spectroscopy, and Synchrotron X-ray diffraction (XRD). Such detailed analysis of the oxide layer
has been conducted by our team for other ATC alloys and has proven advantageous in elucidating
their oxidation mechanism [17]. This information aids in assessing the ability of ATC alloys to
withstand BDBA temperatures and their potential to improve safety margins of nuclear reactors.
2.3 Specimen Preparation
Specimens with dimensions 2 mm × 4 mm × 14 mm were exposed to 100 % steam or
laboratory air at 1,200 °C for 2 h in the Superheated Steam System (SSS), a retort furnace
managed by General Electric [6]. Three sets of specimens were exposed for each condition (i.e.
control, steam, and air). One representative set was analyzed at multiple sites to obtain the
results presented in this manuscript. Control specimens were compared to their air- and
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steam-oxidized counterparts. Figure 2.1 features the representative specimens for each condition.
Specimen coupons were hole-punched and ground on 320 SiC grit paper, then cleaned with a
series of acetone, isopropanol, and deionized water before being air-dried. Afterwards, specimens
were suspended from horizontal platforms using the hole-punch. T91 specimens were suspended
from a platinum wire instead directly from the platform to ensure easy removal of the specimen
due to extensive oxide growth around the hole. The SSS chamber was then sealed and purged
with dry argon at a rate of 30 cm3/min up to 2 h during heating and cooling steps. For steam
exposure, once the SSS was at operating temperature, steam generated from 18 MΩ ultra-high
purity water, was injected at a rate of 2.5 g/min through alumina diffusers, to preheat and
homogeneously distribute the steam within the chamber. To mitigate recirculation, as steam
exited the chamber it was condensed; the removed volume was monitored to ensure steady-state
conditions. Air and steam exposures were performed separately with the same procedure but
without steam injection in the case of samples oxidized in air only. After exposure, specimens
were kept in ambient conditions (i.e. 20 °C at < 50 % relative humidity) prior to characterization.
In this manuscript, the untreated APMT and T91 are referred to as “control APMT” and
“control T91”, while steam- and air-treated specimens are referred to as “steam-oxidized” and
“air-oxidized”, respectively. Cross-sectional specimens were cut from each coupon with the aid of
an oil-lubricated Isomet slow-speed diamond-edged saw and then cleaned in an ultrasonic bath of
a dilute deionized aqueous Alconox solution for ten minutes. Oxidized cross-sections were
mounted in a conductive bakelite resin/graphite mixture using a LECO PR-32 mounting press.
To protect the oxide layer from damage during the mounting process, an approximately
50-nm-thick Au layer was sput- tered on surfaces other than the oxidized cross-section using an
HHV Scancoat Six sputter with Ar gas. Mounted specimens were manually ground and polished
using a series of LECO Spectrum System 1000 grinders/polishers: 320 SiC grit paper at 150 rpm,
600 SiC grit paper at 250 rpm, 6 µm, 3 µm, 1 µm diamond slurry pastes at 350 rpm. Between
steps, specimens were subjected to an ultrasonic bath in deionized water and examined using a
LECO GX51 stereomicroscope. If needed, a dilute aqueous solution of Alconox was substituted
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for deionized water to aid in removing diamond slurry residue. Prior to analysis, specimens were
cleaned in dilute aqueous Alconox solution to remove contaminants and loose particulates.
Specimens were then dried with compressed air.
2.4 Characterization Methods
2.4.1 Photographic Imaging & Microscopy
Specimens were photographed before and after high temperature exposure using a
Canon PowerShot A2300 camera. Optical micrographs provided micron length scale survey of
surface morphology and illustrated the extent of oxidation of the specimens. Optical micrographs
of surfaces were captured using a Nikon MM-40 measuring microscope equipped with a Digital
Sight DS-2Mv camera. Optical micrographs of cross-sections were captured using a LECO GX51
stereomicroscope equipped with an Olympus DP21 camera. Scanning electron microscopy (SEM),
in conjunction with energy-dispersive x-ray spectroscopy (EDS), was conducted to capture images
of the surface morphology, estimate oxide layer thickness, and identify elemental composition
through the extent of the oxygen ingress. Nominal alloy compositions are listed in Table 1.1.
SEM was conducted using a JEOL 7600F analytical high-resolution microscope at 10-15 keV. The
elemental composition analysis was performed on the same system using an Oxford Instruments
EDS 80 mm2 X-Max silicon drift detector (129 eV resolution) operated through the INCATM
software suite. For surface analysis, bulk specimens were secured to the specimen stage by a
25-mm-diameter pin stub using double-sided C and Cu tape.
2.4.2 Raman Spectroscopy
Raman spectroscopy is an advantageous technique for discerning compositional
information from relatively thin oxide layers because the unoxidized alloy substrate is not Raman
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active [18]. Raman measurements were performed to supplement EDS elemental analysis by
revealing the stoichiometry of compounds present in the layer. The spatial distribution of oxide
compounds was imaged based on their respective Raman shifts. Raman data, with the exception
of that presented in Fig. 7, were collected with an XploRA Plus Raman confocal upright
microscope equipped with a Synapse EMCCD camera (HORIBA Scientific, Edison, New Jersey).
Signal was collected in the epi-direction using a 300 µm confocal pinhole and an 1800 g/mm
grating with 3 cm -1 resolution. The specimens were placed onto a glass slide and irradiated with
a 1.44 × 10 5 W cm-2 solid-state 532-nm diode laser producing a 2.95 ± 0.06 µm laser spot size
on the specimen surface. The surface specimens were analyzed with an Olympus 10× objective
(0.25 numerical aperture), and the cross-sectioned specimens were analyzed with an Olympus 50×
objective (0.50 numerical aperture). A 60 s acquisition time with three accumulations were used
for all Raman measurements. For imaging, a 2 µm step size was used. Data for Figure 2.7 were
acquired from a different setup, using a WITec alpha 300R microscope equipped with dual lasers
operating at 532 and 785 nm, the former was used for Raman imaging. A 100 g/mm grating was
utilized. The WITec alpha microscope was capable of a ∼1 µm spatial resolution, illustrating the
distribution of Raman active compounds in areas up to 2500 µm 2. Raman spectra were collected
under an integration time of 0.23 or 1 s. The oxidation products were identified using a
combination of published spectra of oxidized ferritic alloys and spectra of inorganic oxides
compiled on the RRUFF database accessed through Project Superman. Project Superman is a
collaborative data exploration, visualization, and analysis of spectra (DEVAS) web-based software
compiling geological data from a multitude of standard databases, hosted by the University of
Massachusetts, Amherst [19].
2.4.3 Synchrotron X-ray Diffraction
Synchrotron x-ray diffraction (XRD) studies were conducted at the ID-28-2 beamline at
the National Synchrotron Light Source II (NSLS-II). XRD provided high-throughput,
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high-resolution patterns for qualitative phase identification [20], complementing and corroborating
EDS and Raman spectra results for T91 specimens due to the complexity of their oxide layer.
Measurements were conducted in shallow angle beam reflection mode using a silicon-base flat
panel detector. The wavelength of the incident x-rays was 53 keV (i.e. 0.2370 Å). The
specimen-to-detector distance and tilts of the detector relative to the beam were refined using a
LaB6 standard. All the raw two-dimensional XRD patterns were background corrected by
subtracting a dark current image. Noticeable artifact regions of the detector (like the beam stop
and dead pixels) were masked. The corrected and masked two-dimensional detector images were
then radially integrated to obtain one-dimensional powder diffraction patterns. Qualitative
analysis was conducted using the PDF-4+ software published by the International Center for
Diffraction Data (ICDD) [21].
2.5 Results
Optical microscopy and imaging were performed for studying overall surface morphology
of T91 and APMT before and after oxidation. In-depth analysis of changes in surface morphology
and elemental composition after air and steam oxidation were done using SEM analysis. Finally,
the stoichiometry of oxide compounds and their corresponding structural phase is
studied/reported using Raman spectroscopy and synchrotron x-ray diffraction methods.
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2.5.1 Optical microscopy and imaging
Figure 2.1: Optical micrographs of a) - c) APMT and d) - f) T91 surfaces of control specimens
compared with those oxidized steam or air at 1,200 °C. Photographs of specimens are inserted in
inset for reference.
To illustrate the surface morphology of APMT and T91 specimens, optical microscopy
was performed as shown in Figure 2.1 [22]. APMT specimens oxidized in steam, Figure 2.1b, and
air, Figure 2.1c, both produced a homogeneous oxide layer with smooth surface morphology.
Steam-oxidized T91, Figure 2.1e, clearly showed severe corrosion and loss of structural integrity,
versus the highly porous morphology of the air- oxidized counterpart, Figure 2.1f.
Figure 2.2: Top down SEM images of a)-c) APMT and d)-f) T91 surfaces before and after oxidation
in steam or air. Photographs of specimens are inserted for reference.
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Figure 2.3: Top down backscattered electron images (BSE) of APMT a)-c) steam-oxidized and
d)-f) air-oxidized, including b) and e) EDS elemental maps illustrating distribution of Al, O, and
Fe between regions A and B. In both APMT specimens, un-oxidized (indicated by A) and oxidized
sites (indicated by B) were observed after air and steam treatment. BSE images for g) steam- and
h) air-oxidized surfaces of T91, include comparison of i) EDS spectra.
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Figure 2.4: EDS elemental map of cross-sectioned APMT a)-b) steam-oxidized and c)-d) air-
oxidized specimens. Optical micrograph of cross-sectioned e) steam-oxidized T91, approximately
1600 µm with f) EDS map near pristine T91-oxide interface showing distribution of O, Cr and Fe
with g) air-oxidized T91, including h) insert of oxidized region. EDS maps of i) original and j) insert
illustrate internal and external oxidation. Thicknesses displayed with standard error determined
from at least 30 measurements.
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2.5.2 Scanning Electron Microscopy
Detailed microstructural analysis of T91 and Kanthal APMT specimen surfaces was
conducted using SEM, Figures 2.2 to 2.4 [23, 24, 25], which complements with optical microscopy,
subsection 2.5.1.
APMT SEM noted that surfaces of steam- and air-oxidized APMT specimens
produced a homogeneous layer in both oxidative environments, but with different grain
structures, Figure 2.2b and c, respectively. The grain morphology after steam-oxidation featured
irregularly shaped rectangular grains, Figure 2.2b, while air-oxidation developed spherical
features of uniform size, Figure 2.2c. Accompanying EDS analysis of the APMT surfaces after
exposure to air and steam, Figure 2.3a-f, showed a primary Al-O phase in the oxidized regions
(shown by A), whereas Fe and Cr were negligible. Previous studies on oxidation of APMT have
shown formation of single-phase crystalline alumina Al2O3 formed at temperatures around 1,200
°C after 2 h of exposure in steam [15].
Spallation was observed on specimens after exposure to both environments. These
regions (indicated by B) matched the composition of control APMT, Table 1.1 and Figure 2.3c
and f. A higher percentage of oxide coverage was observed after air oxidation (e.g. Figure 2.3d:
91 % area covered) as compared to steam oxidation (e.g. Figure 2.3a: 86 % area covered). In
areas of complete coverage, the formation of a compact, homogeneous, single-phase, alumina layer
as passivating oxide on steam-oxidized, Figure 2.4a, and air-oxidized APMT, Figure 2.4b,
specimens is confirmed by analysis of cross-sections. Oxide layer thickness was thicker for the
air-oxidized APMT specimen than its steam-oxidized counterpart, in agreement with more rapid
oxidation in air than steam at 1,200 °C observed in previous studies [15].
T91 Surface analysis of T91 indicates clear differences in morphology and elemental
composition of the air versus steam-oxidized surfaces. Noted in Figs. 2e and 3 g, steam-oxidized
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T91 possesses a highly-textured surface with relatively large facets compared to a highly porous
surface after air oxidation, Figure 2.2f and Figure 2.3h. Only Fe and O were detected on the
surface of steam-oxidized T91, while the presence of Cr was noted in the air-oxidized surface,
Figure 2.3i. Observation of only Fe at the surface of steam-oxidized specimens signals the
formation of a Fe-O surface layer, followed by a Cr-rich sub-surface layer closer to the interior
alloy. The lack of Cr at the surface of steam-oxidized T91 may be due to the volatilization of
Cr2O3 that formed at the surface (i.e.Cr2O2(OH)2) [8, 26], resulting in a Cr-poor region
dominated by Fe oxides. The presence of Cr in air-oxidized specimen suggests formation of Cr-O
or Cr-Fe-O compounds at the surface, notably Cr2O3 and Fe(3–x)CrxO4. Such formation of mixed
phase oxides on T91 oxidized in steam and air environments has been observed previously [13, 14].
Cross-sectional analysis of the steam-oxidized T91 noted clear changes in the
composition of the oxide layer as function of depth, where near the substrate-oxide interface was
Cr-rich, as shown in Figure 2.4, with Figure 2.4f highlighting the substrate-oxide interface region.
Cr2O3, Fe(3–x)CrxO4, and FeO have been observed previously after steam-oxidation in the
high-temperature range (700-1,100 °C) with 50 h of exposure [13]. Cross-sectioned air-oxidized
T91 feature an internal oxidation zone (IOZ) comprised of Cr-Fe regimes, Figure 2.4g, not
observed after exposure to steam. Such morphology suggests a multi-phase oxide layer where
Cr-O, Fe-O and/or Fe-Cr-O compounds are present. Cr-O and Fe-Cr-O may be Cr2O3 and
Fe(3–x)CrxO4 compounds, respectively. Cr2O3 has also been noted after high-temperature
air-oxidation (900-1,100 °C) [27].
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Figure 2.5: a) Raman spectra of air- and steam-oxidized APMT compared to a reference spectrum
of α Al2O3 standard, b) for α Fe2O3 , and c) Fe3O4. Raman spectra for air-oxidized T91 for
d) Cr2O3 . All Raman spectra were normalized and baseline corrected. All spectra collected for
steam- and air-oxidized T91 were acquired at different measurement sites on each specimen.
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Figure 2.6: a) Optical micrograph of a cross-sectioned steam-oxidized T91 specimen for the Raman
images showing the distribution of different oxides, b) α Fe2O3 (502 cm
-1) and c) Fe(3–x)CrxO4 (677
cm-1). d) Optical micrograph of a cross-sectioned air-oxidized T91 featured in the Raman images
e) Cr2O3 (543 cm
-1 ) and f) Fe(3–x)CrxO4 (677 cm
-1 ). The colour amplitude scale represents the
Raman scattering intensities.
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Figure 2.7: a) Optical micrograph of cross-sectioned air-oxidized T91. b) Raman filter image
generated at the same site, bordered in red in Fig. 7a, depicts the distribution of Fe(3–x)CrxO4,
based on c) the Raman shift at 677 cm-1 , corresponding to 173.5 CCD cts in the Raman filter
image, Figure 2.7b. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).
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2.5.3 Raman Spectroscopy
Raman analysis of APMT and T91, Figures 2.5 to 2.7 [28, 29, 30], noted stoichiometry
and structural phase of oxidation products, expanding on SEM analysis subsection 2.5.2.
APMT Raman analysis confirmed that the Al-O layer identified using EDS,
subsection 2.5.2, was in fact α Al2O3 [19, 31] (Figure 2.5a), which is known for its passivation in
high-temperature environments [32]. The identification of Raman shifts located at 379, 417, 580,
and 647 cm-1 indicated the presence of α Al2O3 in both APMT steam- and air-oxidized
specimens [33].
T91 Based on Raman analysis of surface and cross-sectioned specimens, α Fe2O3 and
Fe3O4 were identified for steam- and air-oxidized T91, Figure 2.5b and c, respectively. Other
minor chemical species were also measured. For steam-oxidized T91, Fe3O4 Raman shifts are
located at 537 and 676 cm-1 and α Fe2O3 at 230, 300, 414, 502, 618, 665, 823, 1082 and 1323
cm-1. For air-oxidized T91, Fe3O4 Raman shifts are identified at 543 and 674 cm -1 and α Fe2O3
Raman shifts are located at 223, 240, 288, 407, 492, 608, 667, 808, 1078, and 1313 cm-1. Raman
shifts corresponding to Fe3O4 have been reported at 542 and 671 cm
-1 [12] and α Fe2O3 at 220,
245, 290, 410, 490, 610, 831, 1073, and 1319 [12, 34, 35].
In addition, Fe(3–x)CrxO4 species were identified. A broad Raman shift at 677 cm
-1
indicates the presence of Fe(3–x)CrxO4 , which has been reported in the literature as displaying a
characteristic broad shift between 671-686 cm-1 [12]. The distribution of Fe(3–x)CrxO4, based on
the characteristic Raman shift, within the oxide ingress of steam- and air-oxidized T91 is
illustrated in Figure 2.6c and f, respectively. In steam-oxidized T91, Fe(3–x)CrxO4 is located at the
oxide/alloy interface. In air-oxidized T91, the Raman map in Figure 2.7b provides additional
detail of how Fe(3–x)CrxO4 is distributed in the IOZ, agreeing with the Fe-Cr oxides noted in
Figure 2.4j. Raman analysis also indicated the presence of Cr2O3 in air-oxidized T91, Figure 2.5d
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which is in agreement with previous studies conducted on T91 at similar temperatures but longer
exposure times [27, 36]. Raman shifts were identified at 548, 594, 626, and 679 cm -1, which are in
proximity to literature values at 550, 613, 650, and 690 [33, 37]. Discrepancies between observed
and literature values are accredited to the disorder in the structure of the oxidized region [34].
2.5.4 Synchrotron powder X-ray diffraction
Synchrotron based x-ray diffraction analysis was conducted to further investigate the
mixed oxide phases on T91 surface, expanding on SEM (subsection 2.5.2) and Raman
(subsection 2.5.3) results (Figure 2.8) [38]. XRD shows the presence of Fe3O4 and Fe(3–x)CrxO4, in
agreement with Raman analysis, and FeO, listed in Table 2.1.
Figure 2.8: Comparison of XRD patterns of T91 before and after air- and steam-oxidation.
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A detailed structural investigation of oxide layers formed on the surfaces of ATC alloys,
Kanthal APMT and T91, oxidized short-term for 2 h in air and in steam at 1,200 °C (a
temperature observed in a BDBA scenario) has been conducted. Figure 2.9 summarizes the key
findings and differences in oxidation behavior of T91 and Kanthal APMT observed in this study.
2.6.1 APMT
The steam- and air-oxidized layer grown on APMT, as shown inFig. 9a) and b)
respectively, was compact and homogeneous α Al2O3 , on the order of 1-2 µm thick. Based on
the literature and Raman results, the α Al2O3 layer is specifically crystalline α Al2O3 , ideal for
protection of FeCrAl alloys [39]. As a result, the α Al2O3 layer formed is capable of withstanding
air and steam exposure, despite the presence of spallation. Spallation was not observed upon
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immediately removing the specimens from the SSS, but manifested after specimens were cooled to
room temperature. Such behavior has been observed by other investigators studying FeCrAl
alloys with similar nominal compositions to Kanthal APMT exposed to similar environmental
conditions and exposure times [40, 41]. In these cases, spallation was attributed to certain
concentrations of reactive elements in Kanthal APMT, such as yttrium, which impact the
oxidation mechanism in both steam [41] and air [42].
Figure 2.9: Schematic illustrating the proposed composition of the oxygen ingress for a)-b) APMT
and c)-d) T91 after steam- and air-oxidation.
The spallation was more severe in steam- versus air-oxidized APMT, as shown in
Figure 2.3a and d, respectively. In steam environment, spallation is further augmented by water
vapor diffusing to the oxide/alloy interface, thereby weakening the adhesion between the two
regimes [41].
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The behavior of the oxide layer grown on steam- versus air-oxidized APMT can convey
information about the growth rate. Air-oxidized APMT, Figure 2.9b, grew a thicker oxide layer
and exhibited higher oxide layer coverage, corresponding to faster oxide growth as compared to its
steam-oxidized counterpart. Such faster oxide growth in air as compared to steam has been
observed before in FeCrAl alloys [42], specifically APMT [8, 43]. This faster oxidation rate in air
for APMT can be attributed to a higher frequency of grain boundary diffusion [44, 45] and
accelerated transport of oxygen through smaller equiaxed grains with higher surface area [45].
Such formation of equiaxed grains on air-oxidized APMT has been observed in previous reports
and confirms the presence of the protective α Al2O3 phase [43].
2.6.2 T91
Oxidation of T91 is a complex phenomenon, generating a mixture of Cr and Fe-based
oxides after exposure to both steam and air, Figure 2.9c and d, respectively. For the
steam-oxidized specimen, we observed a mixture of Fe and Cr based oxides, corroborating other
findings [13, 14, 46]. The oxide layer for steam-oxidized T91 specimen can be divided into three
regions: surface, middle, and at the oxide/alloy interface. Based on EDS surface analysis
(Figure 2.3i), XRD (Figure 2.8), and Raman analysis (subsection 2.5.3), the surface consists
mainly of Fe3O4 and localized sites of FeO and α Fe2O3. Based on morphology illustrated by
microscopy, (Figure 2.4e), XRD, and Raman analysis, the middle oxide layer is highly porous and
consists of Fe3O4, and localized sites of α Fe2O3 and FeO. Finally, Raman analysis, Figure 2.6c,
notes that the bottom most layer is comprised of Fe(3–x)CrxO4 near the oxide-T91 interface.
Fe-rich surface is attributed to volatilization of Cr2O3 at surface, as mentioned in subsection 2.5.2.
In addition, the presence of an Fe-rich surface layer can also result from Fe cations diffusing faster
than Cr cations towards the alloy surface [8], due to cation vacancy sites encouraging Fe transport
during oxidation [45, 47].
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For the air-oxidized specimen, we observe two main regions: a thin oxide surface layer
and IOZ. Based on Raman, Figure 2.5c, and XRD analysis, Figure 2.8, the surface layer is
primarily comprised of Fe3O4 , α Fe2O3 and FeO while the IOZ is comprised of Fe(3–x)CrxO4 and
Cr2O3. Local species Cr2O3 and α Fe2O3 were detected by Raman but were not observed in
XRD analysis. Bulk species Fe(3–x)CrxO4 and Fe3O4 are directly observed by Raman and XRD,
while presence of FeO is indicated by Fe3O4 in Raman, which can be a decomposition product
formed after FeO is exposed to laser during Raman analysis [48]. Cr is an important element in
high-temperature oxidation, developing passivating species like Cr2O3 that protect alloys [49].
Cr-based oxides manifest differently depending on the exposure of T91 to steam versus air. In the
steam-oxidized specimen, Fig. 6c, Fe(3–x)CrxO4 is observed in a narrow regime at the oxide/alloy
interface. However, in the air-oxidized specimen, Figure 2.6e and f, Fe(3–x)CrxO4 and Cr2O3 were
observed in the IOZ. A clearly faster oxidation was observed in steam (Figure 2.9c) versus air
(Figure 2.9d), as evidenced by much thicker oxide layer growth (∼1600 µm) in steam. This is
expected due to the oxidized regime being primarily comprised of Fe-based oxides, which have
poor passivation capabilities due to their rapid, uncontrollable growth above 525 °C [4]. For the
air-oxidized specimen, slower ion diffusion is evidenced by a thinner oxide layer (∼50 µm),
Figure 2.9d, and development of an IOZ [8]. Overall, EDS, Raman and XRD demonstrate the
presence of Fe3O4, FeO and Fe(3–x)CrxO4 as major oxidation products in steam- and air-oxidized
T91.
2.7 Conclusion
This investigation provides a mechanistic understanding of the oxidation of APMT and
T91 at the onset of BDBA temperatures (i.e. 2 h), a timeframe that has not been fully explored
in the development of ATC materials. In our investigation, we combined electron microscopy,
Raman spectroscopy, and synchrotron-based diffraction to uncover the structural complexity of
the oxidation layer of APMT and T91. For APMT, a homogenous, compact layer of α Al2O3
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was detected after steam and air oxidation. For oxidized T91, we report Fe3O4, FeO and
Fe(3–x)CrxO4 as major oxidation products. Diffusion-based mechanisms that result in formation of
the observed oxide layers have been suggested based on this experimental study of T91 and
APMT, the latter generating an oxide layer that exhibits desirable traits for ATC applications in
both air and steam environments. Overall, this investigation provides detailed understanding of
the oxide layer composition of APMT and T91 that develops at the onset of BDBA temperatures.
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M. Olsson, M. Halvarsson, Alumina scale formation on a powder metallurgical FeCrAl alloy
(Kanthal APMT) at 900-1,100 °c in dry O 2 and in O 2 + H 2O, Oxidation of Metals
73 (1-2) (2010) 233–253. doi:10.1007/s11085-009-9177-7.
[40] V. Tolpygo, D. Clarke, Spalling failure of α-alumina films grown by oxidation. II. Decohesion
nucleation and growth, Materials Science and Engineering: A 278 (1-2) (2000) 151–161.
doi:10.1016/S0921-5093(99)00582-1.
URL https://linkinghub.elsevier.com/retrieve/pii/S0921509399005821
[41] T. Amano, High-temperature oxidation of FeCrAl(Y, Pt) alloys in oxygen-water vapour,
Materials at High Temperatures 28 (4) (2011) 342–348.
doi:10.3184/096034011X13190156331030.
[42] K. A. Unocic, E. Essuman, S. Dryepondt, B. A. Pint, Effect of environment on the scale
formed on oxide dispersion strengthened FeCrAl at 1050°C and 1100°C, Materials at High
Temperatures 29 (3) (2012) 171–180. doi:10.3184/096034012X13317275660176.
[43] R. B. Rebak, Versatile Oxide Films Protect FeCrAl Alloys Under Normal Operation and
Accident Conditions in Light Water Power Reactors, Jom 70 (2) (2018) 176–185.
doi:10.1007/s11837-017-2705-z.
URL https://doi.org/10.1007/s11837-017-2705-z
[44] D. J. Young, D. Naumenko, L. Niewolak, E. Wessel, L. Singheiser, W. J. Quadakkers,
Oxidation kinetics of Y-doped FeCrAl-alloys in low and high pO2 gases, Materials and
Corrosion 61 (10) (2010) 838–844. doi:10.1002/maco.200905432.
[45] P. Kofstad, High Temperature Oxidation of Metals, Vol. 18 of The Corrosion monograph
series, Wiley, New York, 1967. doi:10.1002/maco.19670181017.
URL http://doi.wiley.com/10.1002/maco.19670181017
[46] N. Birks, G. H. Meier, F. S. Pettit, Introduction to the High Temperature Oxidation of
Metals, 2nd Edition, Cambridge University Press, Cambridge, 2006.
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3.1 Abstract
The aftermath of the Fukushima Daiichi accident has prompted the development of
claddings with “accident tolerant” capabilities or accident tolerant claddings (ATCs) to ehnahce
the safety margins of light water reactors agains a beyond design basis accident (BDBA). Inconel
600, an austenitic Ni-Cr superalloy is a plausible candidate for constructing ATCs based on its
passivation capabilities in other high-temperature applications. In this investigation, we assessed
the oxidation growth of A600 through a multi-modal characterization approach, employing
scanning electron microscopy, Raman spectroscopy, and synchrotron powder x-ray diffraction to
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note the composition, morphology, and extent of oxidation of SS304 when exposed to under
exposure to simulated temperature and atmosphere experienced at the onset of a BDBA scenario
at 1,200 °C for 2 h in 100% steam versus a model air atmosphere. Air oxidation products included
NiFe2O4, Cr2O3, Fe3O4 and Fe(3–x)CrxO4. Steam oxidation products included all but NiFe2O4.
The oxidation mechanism of A600 at the onset of BDBA conditions is postulated, explaining the
lack of Ni-based oxides after exposure to steam to be attributed towards partial pressure of
adsorbed O being below the respective dissociation pressure.
3.2 Introduction
Inconel 600 (also known as Alloy 600 or A600) is an austenitic Ni-Cr superalloy [1, 2]
used in a wide variety of applications, including nuclear energy [3]. A600 is used as standard
material for constructing critical components of nuclear reactors, such as steam generator tubing,
heat exchangers, and pressure vessels [3, 4]. The extensive versatility of A600 originates from its
oxidation resistance and optimal mechanical properties over a wide temperature range [2, 3]. The
superior corrosion resistance and mechanical properties qualify A600 as excellent candidate for
constructing nuclear fuel claddings with accident-tolerant capabilities. These accident tolerant
claddings (ATCs) exhibit oxidation performance that can withstand conditions observed during a
beyond-design basis accident (BDBA) scenario, such as the Fukushima Daiichi accident in 2011,
enhancing the safety margins of domestic light water reactors [5, 6, 7]. The oxidation performance
of other candidate alloys are also being assessed for constructing ATCs, including other Ni-based
and ferritic alloys, particularly at BDBA temperatures in air and steam [8, 9, 10, 11, 12]. Changes
in the oxidation performance of A600 have been reported below the onset temperature of a
BDBA scenario (i.e. 1,200 °C) at long timescales (i.e. ∼10-100 h) [13, 14, 15, 16, 17, 18, 19]. It is
important to assess the oxidation performance of A600 at the onset of BDBA temperatures to
assess the alloy’s capabilities by characterizing the oxidation products and extent of oxidation.
Knowledge of the oxidation products assists in postulating the A600’s oxidation mechanism.
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Measuring the extent of oxidation on A600 provides a metric for assessing performance in a similar
manner to that of claddings constructed from Zircaloy™, the current industry standard. For
Zircaloy, the Nuclear Regulatory Commission (NRC) dictates that the extent of oxidation must
not exceed 0.17 times the original thickness of the cladding (United States Nuclear Regulatory
Commission). In this investigation the oxidation products and extent of oxidation of A600 after
exposure to air and steam at 1,200 °C was characterized through a multi-modal approach
employing scanning electron microscopy, Raman spectroscopy, and synchrotorn x-ray diffraction.
3.3 Experiment
3.3.1 Specimen Preparation
Surface oxidation was induced by simulating the temperature and atmospheric
composition observed during BDBA scenarios. Specimens with ∼2 mm x 4 mm x 14 mm were
exposed to 100% steam or laboratory air at 1,200 °C for 2 h in the Superheated Steam System
(SSS), a retort furnace managed by General Electric [9]. Studying the oxidation mechanisms of
ATC candidate alloys under conditions of BDBA onset is novel, given that a majority of studies
focus on long-term exposure, usually ∼10 to 100 h, see Table 1.3 and ??. Exposing specimens to
air served as a model environment to compare water vapor impacts the oxidation mechanism of
each alloy. Three sets of specimens were exposed for each condition (i.e. control, steam, and air),
Figure 3.1. Control specimens were unoxidized segments, which are then compared to their
exposed counterparts. Specimen coupons were hole-punched (∼1.5 mm diameter) and ground on
320 SiC grit paper, then rinsed acetone, isopropanol, and deionized water before being blown dry.
Afterwards, specimens were loaded into the SSS, suspended from Pt wires from the horizontal
platforms within the chamber their punched hole. The SSS chamber was then sealed and purged
with dry argon gas at a rate of 30 cm3/min up to 2 h during heating and cooling steps. For steam
exposure, once the SSS was at operating temperature, steam generated from 18 MΩ ultra-high
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purity water was injected at a rate of 2.5 g/min through alumina diffusers, to preheat and
homogeneously distribute the steam within the chamber. To mitigate recirculation, as steam
exited the chamber it was condensed, the removed volume monitored to ensure steady-state
conditions. The system is operated near ambient pressure. Air oxidation was performed using the
same procedure but without injecting steam. After exposure, specimens were stored in a
desiccator in ambient conditions (i.e. 20 °C at ≤ 10% relative humidity) in between
characterization sessions. Cross-sectioned segments were cut from oxidized specimens with the aid
of an oil-lubricated Isomet slow-speed diamond-edged wire saw and then cleaned in an ultrasonic
bath of a dilute deionized aqueous Alconox solution for up to 10 minutes. After specimens were
mounted in resin then ground and polished down to 1 µm finish.
Figure 3.1: Photographs of representative A600 specimens (nominal dimensions: 2 mm x 4 mm x
14 mm) before and after exposure to air and steam.
3.4 Characterization Methods
3.4.1 Scanning Electron Microscopy (SEM)
SEM in conjunction with energy-dispersive x-ray spectroscopy (EDS) was utilized to
capture information on morphology, changes in elemental composition through the oxidized
ingress, and estimate the extent of oxidation. SEM was conducted on a JEOL 7600F analytical
high-resolution microscope at 10-15 keV. The elemental composition analysis was performed on
the same system using an Oxford Instruments EDS 80 mm2 X-Max silicon drift detector (129 eV
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resolution) operated through the INCA™ software suite. For surface analysis, bulk specimens were
secured to the specimen stage by a 25-mm-diameter pin stub using double-sided carbon and Cu
tape. Cross-sectioned mounts were loaded into 25-mm-diameter stage adapter with adjustable
height and secured with side screws. The height of the mount was lowered under the polished
surface was at level with the edge of the adapter. Estimates of the extent of oxidation was
calculated from at least 50 measurements, acquired from multiple images over the 2 mm width of
the cross-section, using image analysis software ImageJ [20]. Images were rotated to a horizontal
orientation and calibrated based on their scale bar. A grid was then overlaid atop each time to
provide vertical guidelines for measuring the thickness with the line tool. The % of the original
thickness consumed by oxidation was a ratio of the extent of oxidation over the original thickness
of the specimen. Reported uncertainties are based on a standard uncertainty multiplied by a
coverage factor k = 2, corresponding to approximately 95% level of confidence.
3.4.2 Raman Spectroscopy
Raman microscopy was performed to identify the oxidation products in Inconel A600
surface and cross-section specimens upon steam and air treatments at 1,200°C for 2 h. Raman
measurements were conducted at room temperature by using an XploRA Plus Raman confocal
upright microscope in the epi-direction (HORIBA Scientific, Edison, New Jersey). A 100 µm slit
width, a 300 µm confocal pinhole, and a 1,200 gr/mm grating with 5 cm-1 resolution were
employed for high signal-to-noise ratio spectra of the surface and cross-sectioned Inconel A600
steam- and air-oxidized specimens. The confocal microscope was equipped with a
thermoelectrically cooled Synapse EMCCD camera operating at -70 °C (HORIBA Scientific,
Edison, New Jersey).
Raman spectra of the surface of steam- and air-oxidized Inconel A600 specimens were
acquired with Olympus 20× (0.40 numerical aperture) and 50× (0.50 numerical aperture)
objectives, respectively. A 3.4 µm step size was used to image the steam-oxidized, and a 1.6 µm
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step size was used for the air-oxidized surface specimens, respectively. Heating effects were
avoided by utilizing a low-powered solid-state 532 nm diode laser operated at 3-mW to excite the
sample. An acquisition time of 30 s with three accumulations was used for all of the surface
Raman measurements.
Raman imaging of the cross-sectioned steam- and air-oxidized specimens were analyzed
with a 50× objective (0.50 numerical aperture) with a 1.2 µm step size. A laser power of 1.4 mW
and 20 s acquisition time with three accumulations were used for the cross-sectioned Inconel A600
specimens.
All Raman spectra were normalized, background-corrected, and plotted with IGOR Pro
6.36 analysis and graphing software (WaveMetrics, Inc., Lake Oswego, OR). The Raman images
were analyzed using MatLab Image Plots “imagesc” in MatLab R2016a software (The
MathWorks, Inc., Natick, MA.). The chemical compositions of the various oxidation were
identified using published spectra and the RRUFF database from Project Superman [21]. Lastly,
the Raman measurements were compared with SEM/EDS elemental analyzes and XRD spectra
to reveal similarities in the chemical composition, the stoichiometry, and the phases of the
oxidation of Inconel A600 on the surface and cross-sectioned specimens.
3.4.3 Synchrotron X-ray Powder Diffraction
Synchrotron x-ray powder diffraction (XRD) provided high-throughput, high-resolution
patterns for qualitative phase identification of major and minor oxidation products grown on
A600 [22]. Analysis was conducted at the ID-28-2 beamline at the National Synchrotron Light
Source II (NSLS-II) with incident X-rays at 0.24 Å (52 keV) targeting the specimen through a
shallow angle beam reflection setup. Diffracted x-rays were then captured with a silicon-base flat
panel detector, generating a two-dimensional projection. An LaB6 standard was used to calibrate
the the specimen to detector distance and detector tilt with respect to the beam. Data processing
of the raw two-dimensional patterns involved background correction by subtracting a dark current
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image and making artifacts (i.e. dead pixels) and the beamstop. The processed two-dimensional
detector images were then radially integrated to obtain one-dimensional powder diffraction
patterns. Qualitative analysis was conducted using the PDF-4+ software published by the
International Center for Diffraction Data (ICDD). The precision of a match between a standard
and experimental pattern is quantified by a goodness-of-match (GOM) score, higher precision
associated with a higher score, the maximum being 8000.
3.5 Results
3.5.1 SEM Analysis
Analysis of oxidized A600 with SEM includes microstructural characterization using
backscattered electron (BSE) imaging and elemental composition analysis via energy-dispersive
X-ray spectroscopy (EDS). In addition, BSE imaging of surface and cross-sectioned segments
conveys morphology, grain structure, porosity, and differences in composition based on absorption
contrast at acquisition sites. EDS analysis illustrates elemental distribution over the surface and
throughout the oxidized ingress and alloy elemental composition estimates, reported in Table 1.1
along with reported composition from literature [2, 4].
3.5.1.1 Air-Oxidized A600
Surface analysis of air-oxidized A600 using EDS, Figure 3.2, indicated that the alloy
underwent significant changes in its morphology during exposure. After exposure in air, two
different oxidized structures are observed: 1) large, highly-faceted bulky grains and 2) a smoother
structure comprising highly-compacted, equiaxial grains, Figure 3.2a. The bulky granular
oxidized regions exhibit Fe enrichment with some Ni enriched sites, Figure 3.2b. The smoother
oxidized regions exhibit Cr enrichment. Si enrichment is observed adjacent to the Cr-enriched
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region, Figure 3.2c. Regions of extensive but inhomogeneous spallation are observed all over the
surface, revealing exposed alloy dotted with Cr-enriched oxidized precipitates.
Cross-sectional analysis complements the regions observed from surface analysis,
Figure 3.3. There are four distinct compositions observed through the oxidized ingress: 1) the top
Ni-Fe-enriched layer observed from surface analysis, 2) followed by the Cr-enriched layer, 3) the
Si-enriched region, which is revealed to be a thin interfacial layer, along with 4) a region of
Al-Cr-enriched precipitants embedded within the alloy, characteristic of an internal oxidation
zone (IOZ). The extent of the oxidation experienced by A600 after exposure to air is estimated at
9 ± 3 µm or ∼ 0.44 % the original thickness of the specimen.
3.5.1.2 Steam-Oxidized A600
Surface analysis of steam-oxidized A600 shows a clear change in morphology after
exposure, Figure 3.4. The smooth surface of the unoxidized alloy, Figure 3.4a, when oxidized
becomes rough, comprised of small, clearly-defined equiaxial grains that amass into compact
regions with notable Cr enrichment. The Cr-enriched regions are disrupted by extensive
inhomogeneous spallation, as evidenced by regions belonging to the Ni-Cr superalloy A600. These
spalled regions possess a significantly rougher morphology than the control alloy and are
discontinuously spotted with Cr-enriched oxidized precipitates throughout. These spalled regions
will be referred to as exposed alloy for the remainder of this text. Cr-enriched oxide regions
display a few Fe-enriched areas, Figure 3.4b. Si enrichment is also observed adjacent to the
Cr-enriched oxide regions, Figure 3.4c.
Cross-sectional analysis of the steam-oxidized A600 surface, Figure 3.5, reveals three
distinct regions extending through the oxidized ingress, Figure 3.5a-Figure 3.5b: 1) the
Cr-enriched surface region that was observed at the surface, 2) the Si-enriched region which is a
thin interfacial region between the Cr-enriched oxidized region and exposed alloy, and 3) the
region of Al-enriched precipitates that are akin to an iOZ, Figure 3.5c. The extent of the oxidized
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region of A600 after exposure to steam is estimated at 6 ± 1 µm or ∼ 0.30 % the original
thickness of the specimen.
Figure 3.2: a) SEM backscattered electron image of the surface of A600 after exposure to air,
with enriched regions labeled accordingly. EDS false coloring of this site of interest illustrates
distribution of elements b) overlaid and c) featured individually based on their respective color.
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Figure 3.3: a) SEM backscattered electron image of a cross-sectioned segment of A600 after exposure
to air with enriched regions labeled accordingly. EDS false coloring of this site of interest illustrates
distribution of elements b) overlaid and c) featured individually based on their respective color.
Note for Al, the high intensity signal at the top of the image originates from the specimen stage.
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Figure 3.4: a) SEM backscattered electron image of a cross-sectioned segment of A600 after exposure
to air with enriched regions labeled accordingly. EDS false coloring of this site of interest illustrates
distribution of elements b) overlaid and c) featured individually based on their respective color.
Note for Al, the high intensity signal at the top of the image originates from the specimen stage.
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Figure 3.5: a) SEM backscattered electron image of a cross-sectioned segment of A600 after exposure
to steam. Again, regions of notable enrichment are labeled. b) and c) EDS maps organized in a




Raman spectroscopy was utilized to elucidate oxide phases formed on the surface of
A600 by alloying elements Cr, Fe and Ni, observed at enriched oxidized regions with SEM
analysis. Both surface and cross-sectional analysis was performed to reveal the distribution of
oxide species formed at the surface and throughout the oxidized ingress.
3.5.2.1 Air-Oxidized A600
Cr-enriched and Fe-Ni-enriched oxidized regions observed at the surface with EDS
correspond to Raman shifts illustrated in surface spectra 1 and 2, Figure 3.6, indicating the
presence of Cr2O3 and NiFe2O4, respectively [23, 24, 25, 26]. Raman shifts in surface spectrum 1
are observed at 330, 496, 565, 627, and 690 cm-1, which can be attributed to the presence of
NiFe2O4 based on reported literature [25]. In surface spectrum 2, Raman shifts are located at 298,
350, 529, 555, 617, and 716 cm-1, indicating the presence of Cr2O3 and NiFe2O4. Broadening of
the Raman shift located at 716 cm-1 can be attributed to alterations in the structure of Cr2O3
and NiFe2O4 due to crystalline defects and the heterogeneous composition at the acquisition site
in the oxidized region [24].
Cr- and Ni-Fe-enriched oxidized regions observed from EDS cross-sectional analysis,
Figure 3.5, are identified to contain combinations of Cr2O3, Fe(3–x)CrxO4, and NiFe2O4 based on
Raman spectra acquired from a cross-sectioned segment of an air-oxidized A600 specimen,
Figure 3.7. Cross-section spectrum 1 features Raman shifts at 295, 350, 527, 553, 615, and 713
cm-1 that align with Raman shifts assigned to Cr2O3 [23, 24, 27]. Cross-section spectrum 2
features Raman shifts at 534 indicating the presence of Fe(3–x)CrxO4, and a shoulder at 639, and
681 cm-1, which agree with assignments for Cr2O3 and Fe(3–x)CrxO4 [26, 28, 29]. Cross-section
spectrum 3 features Raman shifts at 549, which is characteristic of Cr2O3 a shoulder at 640, and
691 cm-1, which may originate from a mixed contribution of NiFe2O4 and Cr2O3 [25].
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Raman imaging of the surface, Figure 3.8, and a cross-sectioned segment, Figure 3.9,
indicate the distribution of two Raman shifts around 553 cm-1 and 690 cm-1, corresponding to
Cr2O3 and mixed contribution of NiFe2O4 and Cr2O3, respectively.
Figure 3.6: Raman spectra acquired from the
surface of air-oxidized A600, alongside spectra
reported in the literature for NiFe2O4 [25] and
Cr2O3 [26]
.
Figure 3.7: Raman spectra acquired from
a cross-sectioned air-oxidized A600 specimen,
alongside spectra reported in literature for
Fe(3–x)CrxO4 [28] and Cr2O3 [26]. The arrows in-
dicate the location of two notable Raman shifts
at 552 ± 4 cm-1 and 689 ± 6 cm-1.
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Figure 3.8: Optical microscopy image captured at a) surface of air-oxidized A600. Corresponding
Raman filter images illustrate the distribution of Raman shifts at b) 552 ± 2 cm-1 and c) 694 ± 3
cm-1 in the in the area bordered in white in a).
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Figure 3.9: Optical microscopy image captured a) on cross-section of air-oxidized A600. Corre-
sponding Raman filter images illustrate the distribution of Raman shifts at b) 553 ± 1 cm-1 and c)
691 ± 5 cm-1 in the area bordered in white in a).
3.5.2.2 Steam-Oxidized A600
Fe- and Cr-enriched oxide surface regions observed with EDS, Figure 3.2, connects to
multiple oxide species (i.e. Fe(3–x)CrxO4, Fe3O4 and Cr2O3) illustrated with surface spectra 1 and
2, Figure 3.10, Raman shifts detected at 448, 519, 550, 580, 624, 683 cm-1 . The Raman shift at
550 cm-1 that appears in spectra 1 and 2 displays a geometry of a sharp peak housed within very
broad shoulder peaks centered at 519 and 580 cm-1. The sharp peak can be attributed to the
characteristic Raman shift of Cr2O3 [23, 24, 26]. The overall shoulder geometry is characteristic of
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Fe3O4 [26, 28]. In both spectra, a number of Raman shifts can be attributed to multiple species,
notably at 550 and 680 cm-1, to Cr2O3, Fe3O4, or Fe(3–x)CrxO4 [25, 26, 28, 29]. With the
exception of Cr2O3 , these species are categorized as spinel compounds, exhibiting a crystalline
structure involving Cr, Fe, and O [25]. These similarities manifest in their characteristic Raman
shifts, particularly for the Raman shift at 683 ± 5 cm-1. Presence of Cr2O3 as a major phase in
Cr-enriched oxide regions is further confirmed by Raman shifts displayed in surface spectrum 3
[23, 24, 26]. Raman images of the steam-oxidized surface has been acquired to illustrate the
distribution of the 555 ± 2 cm-1 -and 684 ± 4 cm-1 Raman peaks, Figure 3.2.
Cr- and Fe-enriched oxide regions were shown, by EDS, to traverse into the oxide
ingress, agreeing with species identified in cross-sectioned segments via Raman spectroscopy, the
spectra being the same as those captured with surface analysis. Imaging of cross-sectioned
segments, Figure 3.2, highlights the Raman shifts at 553 ± 2 cm-1 and 684 ± 2 cm-1. The former
Raman shift corresponds to Cr2O3 (∼554 cm-1) while again the latter Raman shift can correspond
to the presence of multiple species, including Cr2O3, Fe3O4, or Fe(3–x)CrxO4.
Figure 3.10: Representative Raman spectra acquired at the surface of a steam-oxidized A600 spec-
imen and compared with reported spectra of oxide species Fe(3–x)CrxO4 [28], Fe3O4 [26], and Cr2O3
[26]. The arrows indicate the location of two notable Raman shifts at 550 ± 3 cm-1 and 683 ± 5
cm-1.
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Figure 3.11: Optical images captured on the surface of steam-oxidized A600 a) before and b) after
oxidation. The Raman images of c) 555 ± 2 and d) 684 ± 4 cm-1 are shown in b) the region
bordered in a pink square. The color scale represents the Raman scattering intensity.
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Figure 3.12: Optical image captured from a) cross-sectioned segment of steam-oxidized A600. The
Raman images b) 553 ± 2 and c) 684 ± 2 cm-1 were collected in the area bordered in a) by a white
rectangle. The color scale represents the Raman scattering intensity.
3.5.3 Synchrotron X-ray Diffraction
The oxide phases identified at the surface of A600 after exposure to air and steam by
Raman spectroscopy are also identified by XRD qualitative analysis. Comparison of diffraction
patterns of A600 before and after oxidation in steam and air are featured in Figure 3.13, while
observed oxide phases are listed in Table 3.1.
For steam-oxidized A600, the Cr- and Fe-enriched oxidized surface regions first noted via
EDS were identified as Fe(3–x)CrxO4, Fe3O4 and Cr2O3 by Raman surface analysis and XRD. The
presence of Ni metal, corresponding to the alloy, was indicated by XRD. For air-oxidized A600,
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Cr- and Ni-Fe-enriched oxidized regions were confirmed as Cr2O3 and NiFe2O4, respectively, by
Raman spectroscopy and XRD.



















3.6.1 Morphology and composition of oxide layer formed on oxidized A600
In these studies, a clear difference is observed between oxide structure and composition
formed in A600 after exposure to steam and air environments, summarized in Figure 3.14.
Starting with the model oxidation environment, the composition and morphology of the surface of
A600 after exposure to air are confirmed from SEM (Figure 3.2, Raman (Figures 3.6 and 3.7),
and XRD (Figure 3.13) analysis of both surface and cross-sectioned segments of oxidized alloy.
A600 develops a distinct morphology and oxide phases, Figure 3.14a and Figure 3.14b, comprised
of two major regions: 1) a top NiFe2O4-enriched region (the pastel orange area) comprised of
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large, roughly-packed highly-faceted grains, and beneath 2) a Cr2O3-enriched region (the pastel
yellow area) with a minor presence of Fe(3–x)CrxO4, comprised of smaller, compact equiaxial
grains. The oxidized surface is non-passivating, containing Fe-based oxides and experiencing
extensive spallation, illustrated by exposed alloy regions containing precipitates belonging to the
spalled Cr2O3-enriched region. The exposed alloy regions, although very similar to base alloy in
composition, clearly show a significant change in morphology and include remnants of the Cr2O3
layer scattered throughout. The Cr2O3-enriched oxidized region is then followed by an Si-enriched
oxidized region, signified by the pastel green area, at the interface of the oxide and the remaining
alloy, which is speculated to form SiO2 but additional analysis is needed to confirm it. Finally,
Al-enriched oxidized and Cr2O3 precipitates, depicted by the blue area, are observed underneath
the Si-enriched interfacial layer, comprising the IOZ [30]. The Al-enriched sites are speculated to
correspond to Al2O3 formed by selective diffusion of Al since the element as a higher affinity to
react with O in comparison to Cr [31, 32]. Such formation of Al2O3 precipitates in an IOZ have
been reported for Ni-based alloys containing similar amounts of Cr, Fe, and Al [30, 32, 33]. In our
studies, in order to investigate the early stages of oxidation, A600 was exposed to air only for 2 h,
which is unique from literature oxidation studies, where typical exposure is on the order of ∼10 to
∼100 h[15, 18, 19]. Even at these shorter time scales, the composition of the oxidized surface is
similar to that reported by other investigators. Ni-Fe-oxide enriched top layers (e.g. NiO,
α Fe2O3, Fe3O4, (Ni,Fe)3O4) [16, 34] and Cr2O3-enriched sub-surface layers [16, 18, 19, 34, 35]
including minor Fe-Ni-Cr-based oxide species (e.g. NiCr2O4, Fe2O3, (Fe,Cr,Mn)3O4[19], and
(Ni,Fe,Cr)3O4[34]) have been reported.
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Figure 3.13: XRD patterns comparing A600 before and after steam oxidation. Phases shared
amongst multiple patterns are usually labeled only once.
In the case of A600 exposed to steam, the composition and morphology of A600 after
oxidation in steam was confirmed through EDS (Figures 3.4 and 3.5), Raman (Figure 3.10), and
XRD (Figure 3.13) analysis on surface and cross-sectional segments. From Figure 3.14c, a
significant change in the composition of the oxidized region is observed with the absence of a
Ni-Fe-enriched top layer. Instead, the top layer is an Cr2O3-enriched region (pastel yellow area)
including the minor presence of Fe(3–x)CrxO4 or Fe3O4, featuring small, equiaxial grains at the
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surface of the alloy. Again, the oxidized region contains non-passivating Fe-based oxides and does
not provide complete surface coverage due to spallation. The morphology and composition of the
exposed alloy is the same as in its air-oxidized counterpart. Traversing through the oxide ingress,
Figure 3.14d, the Cr2O3-enriched oxidized region is again followed by a Si-enriched oxidized
region, signified by the pastel green area, and then an Al-enriched oxidized region, represented by
the blue area, identical to that observed after exposure to air. Notably, the precipitates in the
Al-enriched region are less profound after exposure to steam than those observed in air. On the
oxide phases formed after steam oxidation, the formation of surface Cr2O3 agrees with literature
reports [15, 17, 36]. However, the formation of Fe(3–x)CrxO4 is not reported in the literature. Our
report of Fe3O4 has been documented by others after A600 was exposed to air [16] and Ar-O2
mixtures [37], while NiFe2O4 has been observed after exposure to steam[15].
We postulate that the arrangement of oxidation products observed after air versus steam
oxidation can be explained by reviewing fundamental thermodynamics of high-temperature
oxidation. The oxidation products observed after steam and air exposure are distinguishable by
the presence of a Ni-based oxide NiFe2O4, residing at the outer layer of the oxidized region only
after exposure to the latter. NiO is numerously reported as an oxidation product after exposure
to steam and air [15, 16, 18, 19]. If A600 is assumed to be a Ni-Cr binary alloy with two
competing oxidation products NiO and Cr2O3, respectively, the Gibbs free energy of formation
(∆G°) provides insight into these experimental results [38]. Referencing an Ellingham diagram
[30], Figure 1.4,at 1200 °C, the ∆G°for Cr2O3 (-620 kJ/mol O2) is nearly twice that of NiO (-345
kJ/mol O2), indicating that Cr2O3 is a thermodynamically more stable oxide. Accordingly, the
dissociation pressure of O2 for Cr2O3 (∼10-18 atm) is an order of magnitude less than that of NiO
(∼10-8 atm). The estimated partial pressure of O2 at 1,200 °C in air and steam is estimated at
0.21 atm and 7.65E10-5 atm, respectively, meaning that based on the bulk partial pressure NiO is
thermodynamically favored to form in both steam and air. However, given that NiO was not
observed, a kinetic perspective is necessary to explain this observation. A Cr2O3 layer has been
well-reported to significantly decrease the diffusion rate of O2 [39]. This, coupled with the fact
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that, for steam, the partial pressure of readily available O2 PO2 is sufficiently low, translating to
competing O2 and H2O adsorption. The adsorption of H2O molecules translates to an intake of
H+ which has been postulated to consume oxygen vacancies, impacting O diffusion [40, 41]. In
turn, a comparatively lower PO2 to that observed in air oxidation is present through the
Cr2O3-enriched layer. Given the presence of Fe3O4 and Fe(3–x)CrxO4, it is safe to assume that PO2
within this region is above the dissociation pressure for Fe3O4, which dissolves Cr to form
Fe(3–x)CrxO4[38, 42], but is too low sustain the formation of NiO. Note that this investigation is
primarily focused on the acute response (i.e. within 2 h) of A600 to BDBA temperatures in air
and steam. This postulate explaining the absence of NiO is based on reported literature and
would require a follow-up kinetic study to identify the appropriate oxidation law to for calculating
the diffusion rate of O2 through the oxide ingress, hereby providing a means of calculating
changes in PO2.
At the oxide-alloy interface, PO2 can then be assumed to be the dissociation pressure of
Cr2O3, since the interfacial and internal oxidation zone are comprised of SiO2 and Al2O3,
respectively. Given that these oxides are thermodynamically more stable than Cr2O3, their
position below the Cr2O3-enriched layer is justifiable, and given their dissociation pressures are
lower than that of Cr2O3. Si and Al take advantage of Cr- depleted regions at the alloy/oxide
interface, resulting in the thin interfacial SiO2 layer forming and finally Al2O3 nucleation sites to
manifest[35]. But given the Cr2O3-enriched and SiO2 layer above, the Al2O3 sites cannot receive
enough O to coalesce into a continuous layer, resulting in the IOZ observed. Note that the above
explanation is made under the assumption that the oxidation growth is at equilibrium. While the
arrangement of the oxidation products in steam support this assumption, departure from this
ideal state is indicated after air oxidation by the presence of Cr2O3-enriched nucleation sites
alongside Al2O3 in the IOZ.
Internal oxidation of elements such as Al and Si that produce more stable products, such
as Al and Si [31, 32], alongside the volatility of Cr2O3 at high temperatures can attribute to
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increasing the risk of spallation. For steam oxidation in particular, the presence of H from
dissociating H2O molecules diffusing through the layer can attribute weakening adhesion between
the oxide and alloy interface [37]. Overall, the oxidized surface generated on A600 after exposure
to steam or air does not function as a passivating surface at the onset of BDBA temperatures.
Figure 3.14: Schematic of illustrating oxidation species detected at surface and within cross-sections
of a)-b) steam-oxidized A600 and c)-d) air-oxidized A600.
3.6.2 Oxidation Mechanism of A600
Based on postulated arrangement of oxidation products observed after air versus steam
oxidation in this investigation, we propose the following generalized oxidation mechanism for
A600 on the onset of a BDBA scenario in air and steam. Cr2O3 nucleation sites form near grain
boundaries intersecting with the surface [37, 39], slowly coalescing to initially form a Cr2O3 layer.
As the initial Cr2O3 layer forms, the diffusion flux of oxygen decreases. Then, once the oxide
growth has been established, the mechanism is assumed to be controlled by the diffusion of
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oxygen. For air, the O diffusion flux through the Cr2O3-enriched layer provides enough O for the
formation of NiO. O diffusion flux is also favorable for the formation of the more stable Fe3O4,
which from a thermodynamic perspective would reduce any NiO formed to Ni, Ni would then be
soluble in Fe3O4 to form NiFe2O4. Ni and Fe then diffuse from the unreacted alloy towards the
surface, passing through the slowly developing Cr2O3 region, Fe oxidizing to form Fe3O4 with
some Cr dissolving into Fe3O4 to form Fe(3–x)CrxO4. As more Fe and Ni diffuse towards the
surface, the Fe3O4 layer continues to grow, dissolving Ni to form the NiFe2O4 top layer, the Cr2O3
layer becoming the sub-surface layer [34]. In the case of steam, Cr2O3 comprises the top layer, as
opposed to a Ni- or Fe-based oxide, because the PO2 within the Cr2O3-enriched region is too low
to sustain growth of a Ni-based oxide, such as NiO. As for the formation of the SiO2 layer, Cr
depletion at the oxide-alloy interface prompts the formation of SiO2, which has been noted to
form at a slower rate than Cr2O3 [39]. Consequently, the formation of the Cr2O3-enriched layer
hinders the growth of the SiO2 layer, resulting in an extremely thin region at the oxide-alloy
interface. Finally, nucleation sites of Al2O3 develop below the SiO2 layer given that the PO2 at the
oxide-alloy interface can sustain oxidation of Al in the alloy but these nucleation sites don’t
coalesce due to the lack of sufficient oxygen to do so.
3.7 Conclusion
In this investigation, the capability of austenitic Ni-Cr superalloy Inconel 600 to
withstand temperature and atmospheres observed at the onset of a BDBA scenario was assessed
by identifying the oxidation products and measuring the extent of oxidation using a multi-modal
characterization approach. A600 formed a oxidized surface comprised of a NiFe2O4-enriched outer
region followed by a Cr2O3-enriched sub-surface layer after exposure to air heated to 1,200 °C for
2 h while only a Cr2O3-enriched layer was observed after exposure to steam. The extent of
oxidation in both environments was estimated to be ≤ 10 µm. A600 does produce Cr2O3 in
steam, which is commonly fictionalized as a passivating layer for structural components exposed
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to high-temperatures, and produced oxidized layer that is ≤ 10 µm m or below 17% of the
original specimen thickness. However, significant spallation is observed in both air and steam
environments, which calls into question the longevity of the passivated surface. This susceptibility
to spallation is most likely prompted by the presence of Fe-oxides noted in both environments,
particularly air. Based on oxidation products and extent of oxidation, A600 shows potential as a
plausible candidate for constructing ATCs but additional analysis is needed to assess cause of
spallation to enhance the alloys passivating capabilities at BDBA temperatures.
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4.1 Abstract
Stainless Steel 304 (SS304) has a long history in the construction of cladding materials
for light water reactors. Based on its continued service in nuclear power plant infrastructure, it is
being evaluated as a candidate for constructing claddings with “accident tolerant” capabilities or
accident tolerant claddings (ATCs) to expand plant safety margins against beyond design basis
accidents (BDBA). In this investigation, we use a multi-modal characterization approach
employing scanning electron microscopy, Raman spectroscopy, and synchrotron powder x-ray
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diffraction to note the composition, morphology, and extent of oxidation of SS304 when exposed
to laboratory air environment versus that of 100% steam at the onset of a BDBA scenario at
1,200 °C for 2 h. This work expands on the reported findings of Bittel et al. and Ishida et al..
regarding SS304 exposed under the same conditions. The air environment is an excellent model of
oxidation growth on SS304 in the presence of only O2. The oxidation growth observed after air
oxidation was dominated by a mixture of Fe-based oxides, including Fe(NiMn)O4, Fe3O4, and
Fe(3–x)CrxO4 with some regions enriched in Cr2O3, Fe(3–x)CrxO4, and possibly SiO2. In contrast,
oxidation growth after exposure to steam generated a dual layer, comprised of a coarse-grained
Fe2O3-enriched outer layer featuring large voids and a sub-surface matrix featuring enriched
Fe3O4 or Fe(3–x)CrxO4 sites alongside evidence of SiO2 or Fe(3–x)SixO4. From these findings, we
postulate the general oxidation mechanism of SS304 at the onset of a BDBA scenario (i.e. 1,200
°C at 2 h) and discuss the feasibility of constructing ATCs using SS304 based on the results of
this investigation.
4.2 Introduction
Safeguarding domestic nuclear power plants with higher safety margins to mitigate
against the destructiveness of a beyond-design basis accident (BDBA) has become more prevalent
since the Fukushima Daiichi accident in 2011. Damage at the Fukushima Daiichi site was
attributed to failure of the oxidized surface of nuclear fuel claddings constructed from zirconium
alloy (Zircaloy™) to successfully passivate when subjected to off-nominal conditions observed in a
BDBA. The result was a dangerous excess production of hydrogen that led to as series of
explosions that caused massive structural damage to the reactors [1]. Constructing nuclear fuel
claddings from materials with “accident-tolerant” capabilities will ensure the claddings withstand
both operating and off-nominal conditions observed during a BDBA scenario. Stainless Steel 304
(SS304), an austenitic stainless steel, exhibits good oxidation and creep resistance at high
temperatures [2], corresponding to its historical application for constructing nuclear fuel claddings
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alongside zirconium alloy or Zircaloy [3]. SS304 is also used to construct control rod claddings for
nuclear reactors and in exhaust systems where upstream temperatures can reach 1100 °C [4, 5].
The oxidation resistance of SS304 corresponds to its ability to generate a passivating Cr2O3
surface [4, 6, 7, 8, 9, 10], which is known to withstand temperatures up to 900 °C [11]. The
applicability of SS304 in high-temperature environments, especially in nuclear reactor
infrastructure, makes it a plausible candidate for accident tolerant claddings (ATC).
As a candidate for constructing ATCs, it is important to assess the oxidation
performance of SS304 at the onset of BDBA temperatures by characterizing the generated
oxidation products and extent of oxidation. Knowledge of the oxidation products also helps
postulate the oxidation mechanism of SS304 when exposed to steam. This information builds on
that obtained in prior investigations that have provided preliminary details about the oxidation
mechanism of SS304 at BDBA temperature ranges from 900 to 1375 °C from 2 min to 2 h in
steam [12, 13].
The goal of this investigation is to expand on the prior research by Bittel et al. and
Ishida et al. and postulate a detailed oxidation mechanism for SS304 specifically at 1,200 °C for 2
h in steam by comparing the oxidation products, morphology, and extent of oxidation after
exposure in air environment and after exposure in steam environment. For construction of an
ATC, a passivating surface must contain stable oxidation products, such as Al2O3, Cr2O3, and
SiO2 [3]. Furthermore, the morphology of the oxide should be dense, void- and crack-free. The
oxidized surface should also exhibit good adhesion and the extent of oxidation should consume
minimal amount of alloy so the cladding maintain its structural integrity [3, 14]. The extent of
oxidation is a succinct metric for evaluating the passivation capabilities of the oxidized surface.
For stainless steel claddings, past reports have proposed setting the oxide to not exceed 30% of
the original cladding thickness [13]. For the purposes of this investigation, we will apply this
criterion to the measured extent of oxidation. The passivating efficacy of ATC claddings
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constructed from SS304 is then compared to other reported candidate alloys based on the
oxidation products, morphology, and extent of oxidation [3, 15, 16, 17, 18].
4.3 Methods
4.3.1 Specimen Preparation
Alloy coupons with nominal dimensions ∼2 mm x 4 mm x 14 mm were exposed to 100%
steam or laboratory air at 1,200 °C for 2 h in the General Electric Global Research Center
Superheated Steam System (SSS) retort furnace [16]. Coupons were prepared by punching a hole
of approximate diameter 1.5 mm near the end of the coupon and mechanically polishing the
surface with 320 SiC grit paper. Then, coupons were rinsed in series with acetone, isopropanol,
and deionized water before being dried in air, and weighed before being loaded into the furnace.
Coupons were suspended from their hole-punch from horizontal stages by means of Pt wire.
Designated control specimens, not subjected to exposure, were compared to air- and
steam-oxidized variants. Two replicates were prepared for each the “control”, “steam-oxidized”,
and “air-oxidized” sample groups. Figure 4.1 features representative specimens for each condition.
The SSS chamber was then sealed and purged with dry argon at a rate of 30 cm3/min up to 2 h
during heating and cooling steps. Steam evaporated from 18 MΩ ultra-high purity water, was
injected at a rate of 2.5 g/min through alumina diffusers, to preheat and homogeneously
distribute the steam within the chamber. To mitigate against recirculation, as steam exited the
chamber it was condensed and the removed volume monitored to ensure steady-state conditions.
The system is operated near ambient pressure. Air oxidation occurred under the same parameters
without steam injection. Upon cooling, exposed specimens were weighed again and then stored in
a desiccator in between characterization sessions, set at ambient temperature (i.e. 20 °C) and
relative humidity maintained under 10%. Cross-sectioned segments were embedded in 1”
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diameter resin disks, ground and polished down to 1 µm and stored in specimen mount cases to
ensure secure transport.
Figure 4.1: Photographs of representative SS304 coupon specimens (nominal dimensions: 2 mm x
4 mm x 14 mm) corresponding to each experimental group.
4.3.2 Characterization Methods
Scanning Electron Microscopy Scanning electron microscopy (SEM), in
conjunction with energy-dispersive x-ray spectroscopy (EDS), was used to characterize the
morphology of the outer and cross-sectional surfaces of specimens, to estimate extent of oxidation,
and to map the distribution of major elements throughout the oxidized ingress. SEM was
conducted using a JEOL 7600F analytical high-resolution microscope, and FEI Quanta-250
field-emission microscope, each equipped with an Oxford Instruments EDS 80 mm2 X-Max silicon
drift detector (129 eV resolution). Estimates of the extent of oxidation was calculated from at
least 50 measurements, acquired from multiple images spanning the 2 mm width of the
cross-sectioned specimen, using image analysis software ImageJ [19]. Images were rotated to a
horizontal orientation and calibrated based on their scale bar. A grid was then overlaid atop each
time to provide vertical guidelines for measuring the thickness with the line tool. The % of the
original thickness consumed by oxidation was a ratio of the extent of oxidation over the original
thickness of the specimen. Reported uncertainties are based on a standard uncertainty multiplied
by a coverage factor k = 2, corresponding to approximately 95% level of confidence.
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Raman Spectroscopy Raman spectroscopy provides composition information of
relatively thin oxidation growth without interference from the Raman-inactive alloy substrate [20]
and reveals the stoichiometry of species containing major elements detected by EDS. The spatial
distribution of oxide species was imaged using a characteristic Raman shift. Raman data was
collected with an XploRA Plus Raman confocal upright microscope with a Synapse EMCCD
camera (HORIBA Scientific, Edison, New Jersey). The signal was collected in the epi-direction
using a 300 µm confocal pinhole and an 1800 g/mm grating with 3 cm-1 resolution. The
specimens were placed onto a glass slide and irradiated with a 1.44 × 105 W cm-2 solid-state
532-nm diode laser producing a 2.95 ± 0.06 µm laser spot size on the specimen surface. The
surface specimens were analyzed with an Olympus 10× objective (0.25 numerical aperture), and
the cross-sectioned specimens were analyzed with an Olympus 50× objective (0.50 numerical
aperture). A 60 s acquisition time with three accumulations were used for all Raman
measurements. For imaging, a 2 µm step size in the vertical and horizontal direction was used.
Oxide species were identified based on matching spectra from literature and the library of
standards for inorganic oxides compiled in the RRUFF database [21].
Synchrotron X-ray Powder Diffraction Qualitative synchrotron x-ray powder
diffraction (XRD) studies provided high-resolution data to identify oxidation products and
information on their corresponding lattice parameters [22]. XRD studies were conducted at the
ID-28-2 beamline at the National Synchrotron Light Source II (NSLS-II). Measurements were
conducted in shallow angle beam reflection mode using a silicon-base flat panel detector. The
wavelength of the incident x-rays was 53 keV (i.e. 0.2370 Å). The specimen-to-detector distance
and tilts of the detector relative to the beam were refined using a LaB6 standard. All the raw
two-dimensional XPD patterns were background-corrected by subtracting a dark current image.
Beam stop and dead pixels were masked. Processed two-dimensional detector images were then
radially integrated to obtain one-dimensional powder diffraction patterns. Detected oxidation
products were identified using the standard crystallographic database available through the
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PDF-4+ software published by the International Center for Diffraction Data (ICDD) [23]. The
quality of a match between experimental and standard patterns was succinctly represented by a
Goodness-of-Match (GOM) score, high-quality matches approaching the maximum value of 8000.
4.4 Results
4.4.1 SEM Analysis
Analysis of oxidized SS304 with SEM presented here includes microstructural
characterization using backscattered electron (BSE) imaging and elemental composition analysis
via energy-dispersive X-ray spectroscopy (EDS). In addition, BSE imaging of surface and
cross-sectioned segments conveys morphology, grain structure, porosity, and differences in
composition based on absorption contrast at acquisition sites. EDS analysis illustrates elemental
distribution over the surface and throughout the oxidized ingress and alloy elemental composition
estimates. These are reported in Table 1.1 along with reported composition from literature
[24, 25].
4.4.1.1 Air Oxidation
Surface analysis of air-oxidized SS304, before oxidation Figure 4.2a highlights the
mechanically prepared surface versus after oxidation, Figure 4.2b, which reveals the surface to
possess a smooth, fairly compact morphology containing distinct pores versus that of the surface
of the control specimen . The elemental composition of the surface, Figure 4.2b-4.2c, is comprised
of three major oxidized areas: 1) Fe-Ni-Mn enriched and 2) Cr- enriched regions with Si, and 3)
Fe-enriched sites with Cr. Cross-sectional analysis, Figure 4.3, reveals that the oxide layer is
littered with distinct pores observed at the surface and extending into the oxidized region.
Concerning elemental composition, the Fe-Mn-Ni enriched region is limited towards the top of the
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oxidized region, Cr-enrichment increasing further into the oxidized ingress. Sub-surface Cr
enrichment is accompanied by enriched sites of Fe and Mn and when including the
Fe-Mn-Ni-enriched top region results in five sub-surface regions, Figure 4.2b-4.2c: 1) the
Fe-Mn-Ni enriched layer, 2) a Fe-Cr-enriched layer, 3) a Cr-Mn-enriched layer, 4) a Si-enriched
interfacial layer and finally 5) a series of Cr-Mn-enriched precipitates akin to an internal oxidation
zone (IOZ). The largest estimated extent of oxidation is 10 ± 2 µm.
4.4.1.2 Steam Oxidation
Surface analysis of SS304, after exposure to steam, Figure 4.4b)-d), highlights a
significant change in morphology and elemental composition compared to the control counterpart
Figure 4.4a. Significant spallation exposed a region of distinct, loosely-packed equiaxial grains,
Figure 4.4b. The secondary electron image featured in Figure 4.4c-4.4d illustrates the elemental
composition. Cr-enriched oxidized regions exist in a matrix alongside unreacted areas, noted by
Ni- and Fe-enriched sites. Cross-sectional analysis of steam-oxidized SS304, highlights two
regions, Figure 4.5: 1) an Fe-enriched outer layer comprised of coarse grains and large voids that
significantly spalled, revealing 2) the matrix observed with surface analysis, featuring Cr-enriched
oxidized regions alongside Fe-Ni-enriched unreacted areas. The largest extent of oxidation is
estimated to be 0.55 ± 0.03 mm or 28% of the original specimen thickness, which is at the
threshold of the cladding consumption limit that sets the criterion for identifying an appropriate
material for constructing ATC claddings. Figure 4.6 illustrates that the Cr-enriched oxidized
regions feature Cr-enriched precipitates encapsulated by Si-enriched areas containing some Fe.
The surrounding Fe-Ni-enriched unoxidized regions have been depleted of Cr, Si, and Mn.
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Figure 4.2: a) SEM image captured from the surface of control SS304 compared to b) SEM backscat-
tered electron image of a site of interest on the surface of SS304 after exposure to air. EDS false
coloring of the acquisition site illustrates distribution of elements c) overlaid and d) featured indi-
vidually based on their respective color.
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Figure 4.3: a) SEM backscattered electron image acquired from a cross-sectioned segment of SS304
after exposure to air with b)-c) EDS maps in a similar format as presented in Figure 4.2c)-d). The
oxidized and unoxidized regions are labeled in a).
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Figure 4.4: Comparison of a) control SS304 surface to b) the exposed Cr-enriched matrix acquired
after exposure to steam, a detailed backscattered electron image with c)-d) EDS maps in similar
format to Figure 4.2.
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Figure 4.5: a) SEM backscattered electron image acquired from an intact cross-sectioned segment
of SS304 after exposure to steam. EDS false coloring of the acquisition site illustrates distribution
of major elements b) overlaid and c) featured individually based on their respective color.
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Figure 4.6: a) Higher-magnification of SEM backscattered electron image acquired from a cross-
sectioned segment of SS304 after exposure to steam. EDS false coloring of this site of interest
illustrates distribution of elements b)-c) in a similar format as shown in Figure 4.3. d) Features
comparative EDS spectra captured from control SS304 along with sites 1 and 2 labeled in part a,
noting changes in the amount of major elemental species.
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4.4.2 Raman Analysis
Raman spectroscopy was utilized to elucidate the oxidation products formed on the
surface of SS304 by alloying elements Cr, Fe, Mn, and Ni observed in enriched oxidized regions
with SEM analysis. Both surface and cross-sectional analysis was performed to reveal distribution
of species present both at the surface and throughout the oxidized ingress.
4.4.2.1 Air Oxidation
Four representative spectra from Raman surface analysis of air-oxidized SS304 are shown
in Figure 4.7. Surface spectrum 1 exhibits a combination of spectra that indicate the presence of
Fe2O3 [21] and possibly further contributions from Cr2O3 [21] and Fe(MnNi)O4 [26]. Surface
spectrum 2 displays spectra that indicate the presence of Cr2O3 superimposed with Raman shifts
corresponding to Fe2O3 (298 and 509 cm
-1), and Fe(3–x)CrxO4 (675 cm
-1) [27]. Surface spectrum 3
indicates the presence of Fe(NiMn)O4. Surface spectrum 4 indicates the presence of Fe2O3 or
Cr2O3 (298 cm
-1), Fe(NiMn)O4 (513 cm
-1), and Fe3O4 or Fe(3–x)CrxO4 (∼668 cm-1). Images
illustrating the distribution of Raman shifts at the surface of air-oxidized SS304, Figure 4.9, show
Fe2O3 at 612 ± 8 cm-1 and Fe3O4 or Fe(3–x)CrxO4 at 666 ± 2 cm-1. Oxidation product
Fe(NiMn)O4, with possibly Fe3O4 or Fe2O3 (∼513 cm-1), reside in Fe-Mn-Ni-enriched oxidized
regions observed from SEM surface analysis. Compound Cr2O3 corresponds to Cr-enriched
regions observed in surface and cross-section SEM analysis, with Fe enrichment observed in these
areas corresponding to Fe2O3, Fe3O4, or Fe(3–x)CrxO4.
With the exception of Fe2O3, all oxide species detected at the surface with Raman
analysis were also identified in cross-section analysis. Four representative spectra were obtained
through Raman analysis of cross-sectioned, air-oxidized SS304 segments, Figure 4.8. Cross-section
spectrum 1 provides evidence of the presence of Cr2O3 at 550 and 616 cm
-1 and Fe(3–x)CrxO4 at
678 cm-1. Cross-section spectrum 2 also indicates the presence of Cr2O3 at 548 cm
-1 and Fe3O4 or
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Fe(3–x)CrxO4 at 675 cm
-1. Cross-section spectrum 3 indicates the presence of Fe(NiMn)O4.
Cross-section spectrum 4 captures contributions from Fe(NiMn)O4 at 500 cm
-1 and Fe3O4 or
Fe(3–x)CrxO4 at 669 cm
-1. Again, Fe(NiMn)O4 corresponds to the Fe-Mn-Ni-enriched top layer in
SEM cross-section analysis, Cr2O3 corresponds to Cr-enriched sub-surface layers, including the
Cr-Fe-enriched and Cr-Mn-enriched layers. For the Cr-Fe-enriched layer, Fe(3–x)CrxO4 or Fe3O4
also correspond to that region alongside Cr2O3.
Figure 4.7: Raman analysis of surface from
air-oxidized SS304 including spectra reproduced
from standards and literature corresponding to
identified species (i.e. Fe2O3, Cr2O3, Fe3O4 [21],
Fe(3–x)CrxO4 [27] and Fe(NiMn)O4 [26]).
Figure 4.8: Raman cross-section analysis of air-
oxidized SS304, including spectra from standards
and reproduced from literature for Cr2O3, Fe3O4
[21], Fe(3–x)CrxO4 [27] and Fe(NiMn)O4 [26].
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Figure 4.9: Optical micrograph of air-oxidized SS304 surface, a), with Raman shift images showing
the distribution of Raman shifts at b) 612 ± 8 cm-1 and c) 666 ± 2 cm-1
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4.4.2.2 Steam Oxidation
SEM analysis, Figure 4.4 noted that significant spallation of the Fe-enriched outer region
revealed the sub-surface matrix layer for additional analysis by Raman. Raman surface analysis
of this exposed matrix in steam-oxidized SS304 was captured in spectra featured in Figure 4.10a).
Surface spectrum 1 indicates the presence of Fe3O4 and/or Fe(3–x)CrxO4 at 536 and 665 cm
-1
[21, 27]. Surface spectrum 2 provides strong evidence of Fe2O3 with characteristic Raman shifts
located at 291, 407, 496, 610, 655, 817, 1052, and 1312 cm-1 [21]. The presence of Fe2O3 was
detected on both exposed matrix sites because surface material was lost due to spallation and in
recovered spalled segments analyzed separately, which also displayed Raman spectra
corresponding to Fe2O3, and the Fe-enriched outer layer observed from SEM analysis, Figure 4.5.
Cross-section analysis only captured Raman shifts at 536 and 665 cm-1 corresponding to
Fe3O4 or Fe(3–x)CrxO4, Raman imaging capturing the distribution of the Raman shift at 539 ± 5
cm-1. The presence of Fe(3–x)CrxO4 may correspond to the Cr-enriched oxidized regions in the
subsurface matrix, which included a minor presence of Fe, Figure 4.6.
4.4.3 Synchrotron X-ray Diffraction
Some of the oxide species identified after air- and steam-oxidation with Raman
spectroscopy are also identified by XRD qualitative results, Figure 4.11 , details on the observed
species are listed in Table 4.1. Diffraction patterns of FeCrNi and Fe correspond to the alloy.
For air-oxidation, the detection of Fe3O4 agrees with Raman surface analysis
(Figure 4.7). It is important to note that based on SEM surface analysis,Figure 4.2, the Bragg
peaks corresponding to Fe3O4 may also be shared by other spinel-based structures, such as
Fe(NiMn)O4, Fe(3–x)SixO4 and Fe(3–x)CrxO4.The similar lattice parameters of these compounds
would require additional analysis to properly distinguish. Bragg peaks corresponding to Cr2O3
were detected only after air oxidation, agreeing with Raman surface analysis Figure 4.7.
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Figure 4.10: a) Spectra acquired during Raman analysis of SS304 surface after steam oxidation,
including spectra reproduced from standards and literature corresponding to identified species (i.e.
Fe3O4 [21], Fe(3–x)CrxO4 [27]). b) Optical microscopy image of a cross-sectioned segment and a
corresponding c) Raman filter map of the distribution of the Raman shift at 539±5 cm-1 from the
area bordered in red.
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For steam-oxidation, quantitiatve XRD analysis was performed on the exposed matrix
region noted during SEM analysis, Figures 4.5 and 4.6. The detection of Fe3O4 agrees with
Raman surface analysis (Figure 4.10) oxidation. Again, as with air oxidation it is important to
note that based on SEM surface analysis (Figure 4.4) the Bragg peaks corresponding to Fe3O4
may also be shared by other spinel-based structures present at the surface, such as Fe(3–x)SixO4
and Fe(3–x)CrxO4. Bragg peaks corresponding to Cr2O3 were detected only after air oxidation,
despite SEM surface analysis suggests that a Cr-enriched oxidation product is present at the
surface of steam-oxidized SS304, Figure 4.4.
Figure 4.11: Species identified on SS304 before and after exposure to air and steam with synchrotron
x-ray diffraction.
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Based on the results reported for SS304 after air- and steam-oxidation, a more thorough
discussion of the overall oxidation growth on SS304 at temperatures observed at the onset of a
BDBA scenario can proceed. Afterwards, a discussion postulating the oxidation mechanism of
SS304 at the onset of BDBA temperatures is to be included.
To begin, this section provides a brief overview of the thermodynamics around
high-temperature oxidation growth on alloys. Oxidation growth in metallic alloys involves
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diffusion of oxygen anions and metallic cations through a growing oxidized surface. At
equilibrium, oxidation products are usually distributed through the oxide growth based on their
the dissociation partial pressure of O2 (P*O2), more stable oxides manifesting closer to the
interface between the oxidized surface and unreacted alloy. From a statistical thermodynamic
standpoint, elements like Fe and Ni exhibit lower site preferential energies than Cr and Al, not
residing readily in point defects through the lattice of the oxidized growth, such as vacancies and
interstitials. Accordingly, Fe and Ni will exhibit faster diffusion rates than Cr and Al [28]. In
terms of classical thermodynamics, these trends manifest in the Gibbs free energy of formation
(∆G°) and quantified in the partial pressure of O2 (PO2), more specifically the metric of P*O2.
These trends are succinctly illustrated in the Eillingham diagram [29, 30]. For instance, Fe2O3 has
a ∆G°of ∼ −400 kJ/mol O2 and P*O2 of ∼10
-3 atm at 1,200 °C. In contrast, ∆G°of Cr2O3 is
∼ −700 kJ/mol O2, the corresponding P*O2 is ∼10-18 atm at the same temperature.
4.5.1 Morphology and Composition of Air-Oxidized SS304
A schematic illustrating the oxidation growth of SS304 after exposure to air is featured
in Figure 4.12a, culminating the results acquired through multi-modal analysis using SEM,
Raman, and XRD. The oxidation growth is comprised of an outer layer featuring a mixture of
Fe-based oxides, including Fe(NiMn)O4, Fe3O4, and Fe(3–x)CrxO4 with some regions of enriched in
Cr2O3. This outer layer is followed by a region mixed with Fe(3–x)CrxO4 and Cr2O3, followed by a
Cr2O3-enriched layer, then a Si-enriched oxide interfacial layer that is most likely SiO2[4], and
finally a Cr2O3-enriched internal oxidation zone (IOZ). Starting with the outer layer, Fe2O3 is
observed exclusively in this region, followed by a mixture of Fe- and Ni-based oxides, such as
Fe3O4 and Fe(NiMn)O4 concentrated within the outer layer, below which the
Fe(3–x)CrxO4-enriched region is observed, then the Cr2O3-enriched region, and finally the
interfacial SiO2 layer resides at the interface between the unreacted alloy and oxide. and,
Cr2O3-enriched precipitates are also observed within the IOZ. The oxidation products identified
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in this investigation, Cr2O3 and Fe2O3 [4, 6, 8, 9, 10], Fe(3–x)CrxO4 [8, 9, 10], Fe3O4 [10], and
Mn-based spinel oxides [8, 31] have been reported observed at or near BDBA temperatures (i.e.
800 to 1400 °C), under different exposure times and at different time scales [4, 6, 9, 32].
The air environment serves as an excellent model of oxidation growth of SS304 in the
absence of steam, the arrangement of the oxidation products generally abiding by the
thermodynamic predictions explained prior with two notable exceptions. First, the detection of
Cr2O3 in the IOZ indicates that the oxidation growth conditions may deviate from equilibrium.
Secondly, the presence of Cr2O3 in the outer later deviates from the anticipated presence of an
outer layer comprised of only Fe-based oxides due to their respective P*O2 being higher than that
of Cr2O3. A possible explanation is the kinetic relationship between Mn and Cr. Mn-based oxides
have been reported to be not as resilient as Cr2O3 but have been cited to enhance Cr2O3 growth
[7] and reduce volatilization at temperatures around 1,000 °C in air [9]. Given that Mn has been
suggested to enhance Cr diffusion, the mechanism by which this enhancement occurs could be
attributed to diffusional coupling between Cr and Mn [33, 34].
4.5.2 Morphology and Composition of Steam-Oxidized SS304
As the air-oxidation environment provided a perspective on the oxidation growth in the
absence of H2O, a significant change in the oxidation mechanism is observed upon introduction of
H2O. For steam oxidation, Figure 4.12b, SEM, Raman, and XRD analysis revealed that SS304
generated a dual layer, comprised of a coarse-grained Fe2O3-enriched outer layer featuring large
voids, which may manifest from H+ reacting with with O2 near the surface to reform H2O that
interacts with the oxide structure enlarging the voids [14]. The Fe2O3-enriched outer layer is then
followed by a sub-surface matrix featuring unreacted alloy alongside oxidized areas enriched with
Fe3O4 or Fe(3–x)CrxO4 sites alongside evidence of a Si-enriched oxide that could be SiO2 or
Fe(3–x)SixO4 [5]. the oxide species Fe2O3 ,Fe3O4 ,Fe(3–x)CrxO4, and Fe(3–x)SixO4 are in agreement
with reports from other investigations [4, 5, 12, 13, 14]. In particular, the possibility of
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Fe(3–x)CrxO4 present in oxidized regions is supported by the observation of Cr-enriched regions
containing Fe noted by EDS, Figure 4.6. Furthermore, the detection of Fe(3–x)CrxO4 or Fe3O4
would be in agreement with the report of a spinel compounds in the sub-surface matrix observed
by Bittel et al. [12].
Because the oxidation environment is predominately steam , PO2 is significantly lower
than that of air, 7.65E-5 atm versus ∼0.21 atm (given the system is operated near ambient
pressure), respectively [35]. Accordingly, the general arrangement of the observed oxidation
products observed in steam should significantly deviate from thermodynamic predictions since
PO2 is too low to support the formation of Fe2O3 and Fe3O4. However, given that both Fe-oxides
were observed the major source of O anions must be from H2O. That being said, the general
arrangement of oxidation products still abides by thermodynamic predictions. In the outer layer,
the less stable Fe2O3 is observed exclusively within the outer layer. Then, mixed Fe-based oxides
such as, Fe(3–x)CrxO4 and Fe3O4 , and possibly a combination of SiO2 and Fe(3–x)SixO4[5] are
observed only in the subsurface matrix given that they are thermodynamically more stable.
However, the oxidation products observed in these two regions are not arranged into enriched
layers based on their thermodynamic stability as they were observed in air. This suggests that the
oxidation mechanism has significantly deviated from ideal thermodynamic equilibrium conditions
and may be dominated by fast diffusion of O2- through the formation of dissociated OH-1 or O2-
molecules from adsorbed H2O. The OH
-1 or O2- molecules have been postulated to traverse deep
into the alloy along grain boundaries. Accordingly, O can then react with metallic cations that
had yet to coalesce into continuous regions of their respective oxidation product
[14, 28, 36, 37, 38, 39].
Needless to say, thermodynamics alone isn’t enough to explain the behavior observed
after SS304 is exposed to steam oxidation as it was for air oxidation. An overview of the kinetics
of the oxidation growth is needed. Bittel et al. and Ishida et al. [12, 13] provided relevant kinetic
information that can contribute to this assessment. Bittel et al. reported that the oxidation
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growth in steam follows a linear rate law for approximately the first 6 to 28 minutes of exposure,
then transitioning to a parabolic rate law up to the 2 h exposure period. Ishida et al. expanded
on the kinetic model, noting that at the onset of oxidation growth (≤8 min) the oxidation growth
follows a parabolic rate law. Bittel et al. provided empirical kinetic rate laws in terms of weight
gain, that we compare our results to. Based on Bittel et al., the oxidation growth during after 2 h
at 1,200 °C should follow a parabolic rate law. Based on the reported weight gain by Bittel et al.
at these conditions (∼6000 mg2/cm4), the largest estimated weight gain per unit area measured
in this investigation, 2926.8 mg2/cm4, is a severe underestimate. With regards to the extent of
oxidation, Ishida et al. reported only after 1 h of exposure at 1,200 °C, the oxide growth having
appeared to have somewhat plateaued at 100 µm. In contrast, the largest estimated extent of
oxidation in this investigation (0.55 ± 0.03 mm) is significantly thicker. These comparisons to
prior reports highlight the need for additional kinetic studies to elucidate the oxidation diffusion
rates of SS304 under steam at the onset of BDBA temperatures.
Figure 4.12: Schematic of the oxidation mechanism of SS304 after exposure to a) air-oxidation and
b) steam-oxidation
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4.5.3 Oxidation Mechanism of SS304
Based on the findings from this investigation, the general oxidation mechanism after
exposure to the model air environment be primarily explained from thermodynamic predictions,
more stable oxides possessing a lower ∆G°manifesting closer to the interface between the
oxidation growth and the remaining alloy. Fe-based oxides (i.e. Fe3O4, FeMnNiO4, Fe2O3) are
concentrated near the top of the oxidized region. Cr-based oxides (i.e. Fe(3–x)CrxO4 and Cr2O3)
while present at the top are more prevalent through the oxide ingress, transitioning from a
mixture of spinel and Cr2O3 immediately below the outer layer to a Cr2O3-enriched region near
the oxide-alloy interface. Finally, SiO2 is observed at the oxide-alloy interface.
In the case of steam oxidation, the oxidation mechanism significantly deviates from that
observed in air. Notably, the layer is no longer passivating due to the presence of the
Fe2O3-enriched outer layer and as evident from the subsurface matrix of spinel compounds that
penetrates deep into the alloy. The adsorption and dissociation of H2O reacting with Fe results in
the formation of the Fe2O3-enriched outer layer [28, 39]. With the lack of a passivating surface,
O2- or OH-1 anions continue to diffuse into the bulk, unhindered, reacting with primarily Si, Cr,
and Mn in Fe-depleted regions along grain boundaries. In addition, H+ produced during H2O
dissociation or reactions with OH-1 may impact diffusion rates of oxygen, even reducing its
diffusion rate, which would explain the low partial pressure that supported the formation of the
more stable oxides instead of Fe and Ni, which remain unreacted in the regions surrounding the
spinel-enriched sites, but the impact of H+ on oxidation is debatable [14, 36, 38, 39]. Finally, due
to the diminishing P*O2 near the interface of the matrix and remaining alloy, Si-enriched oxide
formation is more prevalent there. However, a robust kinetic study would be needed to confirm




This investigation was able to verify the composition and morphology of the oxide
growth observed on SS304 after exposure to steam, reported by Bittel and Ishida. Furthermore,
we are able to postulate a mechanism justifying the why a dual layer growth is observed in steam.
However, additional investigations are needed to further elaborate on the kinetics of the oxidation
mechanism. Fe diffuses faster than other elements to react with water and form the porous,
non-passivating Fe2O3-enriched outer layer on oxidation in steam. The depletion of Fe at grain
boundaries act as prime areas for dissociated water molecules to interact with Cr, Si, and Mn to
form stable oxides within a matrix of depleted alloy. Furthermore, unlike after exposure to air,
SS304 exposed to steam is dominated by non-passivating Fe-based oxides, extensive porosity and
cracks. Consequently, the largest extent of oxidation observed in SS304 after exposure to steam
consumes approximately 28% of the original cladding, at the postulated threshold of 30% [13].
Based on the composition, morphology, and extent of oxidation, SS304 is not capable of meeting
the necessary passivation requirements for constructing ATCs for BDBA scenarios like other
candidates have demonstrated, such as Kanthal APMT [18].
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CHAPTER 5. GENERAL CONCLUSION
5.1 Summary and Discussion
The purpose of this investigation was to evaluate the passivation performance of
stainless steel 304 (SS304), Inconel 600 (A600), T91, and Kanthal APMT (APMT) as potential
candidates for constructing ATCs. Based on the high-temperature applications of these alloys in
the nuclear reactor infrastructure, these candidates were hypothesized to be capable of generating
a passivating oxidation layer that was comprised of stable oxidation products arranged into a
compact, void-free layer that adhered to the unreacted alloy and consumed the minimal amount
of alloy needed in order to meet these standards. Through a combination of scanning electron
microscopy, Raman spectroscopy, and synchrotron powder x-ray diffraction, the oxide growth
observed at 1200 °C in a steam environment for 2 h was evaluated based on the composition,
morphology, and extent of oxidation of the oxidized region. The oxide growth observed in air was
utilized as a point of comparison for noting the impact of O2 versus H2O on the oxidation
mechanism. The results compiled through the multi-modal characterization were utilized to
develop an illustration of the oxidation growth formed on each candidate after exposure to air and
steam, and to establish whether or not each candidate met the test criteria. These results are
summarized in Tables 5.1 and 5.2.
Based on information compiled on the composition, morphology, and extent of oxidation
of the oxide growth on each candidate, alloys that generated primarily Fe-based oxides, namely
T91 and SS304, did not satisfy the hypothesis. Each alloy produced oxide growth that contained
non-passivating Fe-based oxides, developed an extensive concentration of voids, and exhibited
extensive spallation. In addition, the extent of oxidation measured on T91 and SS304 was on the
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order of mm, signifying that the oxide grown would consume a significant portion of cladding
constructed from these two alloys, sacrificing the structural integrity of the cladding-fuel complex
that is necessary to maintain safe standards for reactor operation. Cross-referencing data
presented in Table 1.5 to the summary of results for air (Table 1.3) and steam (Table 1.4)
highlights an interesting correlation between the extent of oxidation to the σ of the oxide
constituents. Alloys that generated oxide growth possessing predominately Fe-based oxides, such
as Fe3O4, FeO, Fe2O3 exhibited a larger extent of oxidation than those that contained more
thermodynamically stable oxides, such as SiO2, Cr2O3, and α Al2O3. For example, T91 after
exposure to air produces an oxide growth that was ∼50 µm thick, comprised of mostly Fe-oxides,
including Fe3O4, FeO, Fe2O3, and Fe(3–x)CrxO4. Following T91, SS304 generates the second
thickest oxide layer at ∼10 µm , containing the same Fe-based oxides as T91 and some additional
species, such as Fe(NiMn)O4. In steam, the extent of oxidation for T91 and SS304 is more severe,
at ∼1600 and 550 µm thick, respectively, and the same Fe-based oxidation products are noted in
abundance. Based on Table 1.5, Fe-based oxides have generally been reported to exhibit σ values
higher than that of non-Fe-based oxides at 1200 °C, notably, Fe3O4 and FeO. The relationship
between the extent of oxidation and σ corresponds to the impact of defect concentration on the
diffusion rates of O-2, e-, and cations through the oxide lattice, which ultimately governs the
growth rate of the oxide layer [1, 2]. Oxides like SiO2 and Cr2O3 possess a lower concentration of
defects that drive diffusion growth of the oxide layer. In contrast, Fe-based oxides have higher
concentration of defects, with corresponds to their poor passivation capabilities due to the
additional defects providing diffusion routes for ions and e- to continue oxide growth.
The difference in the original thickness of specimens before and after exposure to steam
was noted in those that were characterized with an extent of oxidation greater than 250 µm, ATC
candidate alloys T91 and SS304. Compared to Zry2, both alloys exhibited an increase in
thickness, which indicates that the oxide layer grew outward from the surface. For Zry2, ZrO2 has
been postulated to be an n-type oxide, which would explain the inward growth [3]. Outward
growth is usually attributed to the presence of p-type oxides. Oxide layers containing p-type
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oxides can be associated with self-healing attributes but, like n-type oxides, can also be
susceptible to spallation due to cation depletion from the alloy disrupting the distribution of
stress at the oxide/alloy interface [3, 4]. However, additional analysis is necessary to note if
simultaneous inward and outward growth is occurring. Both inward and outward growth can be
observed experimentally through insertion and tracking and tracking a tracer element or
establishing a reference point on the surface of the alloy prior to oxidation that is easily
distinguishable when the specimen is cross-sectioned.
The only candidate that met all the passivation criteria for constructing ATC claddings
was Kanthal APMT, which generated a compact, void-free layer comprised of stable oxide Al2O3
that was ∼1 µm thick and demonstrated good adherence to the remaining alloy. However, some
replicates did exhibit a noticeable degree of spallation, which calls into question the extent of
Kanthal APMT’s passivation capabilities under longer exposure times. A600 showed potential as
an ATC candidate, developing a Cr2O3-enriched, compact oxidation layer with minimal porosity
at an extent of oxidation ≤ 10 µm. However, A600 exhibited a significant amount of spallation,
which would need to be investigated further to fully assess the alloy’s potential as a candidate for
constructing ATCs. A few takeaway messages can be established based on the passivation
performance of these candidates for alloys that may be evaluated in the future, namely that alloys
that have been reported to generate any Fe-oxide, even mixed Fe-oxides, are most likely not
favorable for constructing claddings that may be subjected to BDBA temperatures, even if they








































































































Some additional projects to expand on the aforementioned conclusions include
incorporating kinetic and microstructural studies to elucidate the postulated oxidation
mechanisms presented in this discussion conditions under which oxide growth is more susceptible
to spallation.
A detailed kinetic study of the candidate when subject to the onset of a BDBA
temperature range over a longer time period would provide information on oxidation diffusion
that will aid in elucidating the oxidation mechanism of the alloy. Use of quantitative XRD and
transmission electron microscopy to identify distortions in the lattice of the oxide growth and
map the grain boundaries within the alloy and oxidation growth will provide additional
information on the microstructure to supplement kinetic studies.
The spallation mechanism of a candidate alloy needs to be fully understood to assess the
lifespan of the surface oxidation growth at both operating and off-nominal conditions, such as a
BDBA. More information on spallation mechanisms can aid in determining the longevity of the
oxidation process and in understanding the conditions under which the oxidation products are
most susceptible to spalling. This information can be obtained by incorporating transmission
electron microscopy (TEM) analysis into follow-up investigations. TEM is a versatile tool for
materials characterization. The main advantage of TEM over its offspring, SEM, is a result of its
ability to image specimens at magnifications as high as 300,000×. Furthermore, TEM can employ
electrons to produce a more holistic analysis of a site of interest by simultaneously collecting
chemical and structural data through a series of techniques, including EDS, electron
backscattered diffraction (EBSD), and selected area electron diffraction (SAED), particularly
precession electron diffraction (PED) [5].
The electromagnetic lenses of the TEM system manipulate the path of electrons to form
an electron diffraction pattern or image of a specimen from a parallel or converged beam of
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electrons. On the other hand, SAED operates under a parallel electron beam. Some principal
planes of the lens system include 1) the object plane, where the specimen is located, 2) the lens,
which is represented as a thin disk, 3) the image plane, onto which the image is formed, and 4)
the back-focal plane, the point where the electron beam converges. For this discussion the lens is
that of the objective lens in the TEM system. An SAED pattern is produced as a result of
designating the back focal plane to be the object plane by inserting selected area diffraction
(SAD) aperture at the image plane between the specimen and the intermediate lens. The
aperture limits the amount of the electron beam that comes into contact with the specimen,
minimizing the risk of saturating the charge-coupled device (CCD) camera located underneath
used to capture the electrons. First, a region of the specimen is selected in image mode without
any use of an objective aperture. The image quality is poor but suffices for the time being. Then
the condenser lens system above the specimen is under-focused and the SAD aperture is inserted.
The aperture needs to be large enough for the operator to locate it on the screen and then
position the region of the sample that is to be analyzed within in. In order to focus the SAD
aperture, the intermediate lens is adjusted until it is conjugate with the image plane. Then the
TEM is switched the diffraction mode, the pattern is displayed. Though, further under-focusing
may be required to sharpen the image. The appearance of the pattern changes with the
specimen’s crystallographic nature. Sharp rings are observed if the specimen is polycrystalline,
exhibiting a spotted appearance the larger the grain size. But, if the specimen is a signal crystal,
the diffraction pattern exhibits dots, each corresponding to a reciprocal lattice point. Diffraction
patterns of amorphous materials display hazy rings [5].
Precession electron diffraction (PED) is an SAED technique that improves the sampling
statistics of diffraction data collected by the TEM by rotating or precessing the electron beam
around the zone axis of the system. The SAED patterns collected at each orientation are then
integrated to form a high-resolution pattern. Precessing reduces dynamical diffraction effects by
reducing the impact of multiple diffraction events that may be captured in a single pattern.
Post-integration, pseudo-kinematical diffraction patterns are formed, which closer aligns with the
153
theoretical structure factor, resulting in a more accurate measurements in reciprocal space, Fig.
Figure 5.1 [6]. The effect is analogous to rotating a powder specimen during x-ray diffraction to
reduce the effects of preferred orientation, increasing contributions from all phases present [7].
Furthermore, PED is capable of observation of spatial changes in crystallographic structure since
the technique is computerized, capable of rastering the electron beam over a site of interest [6, 8].
Figure 5.1: Comparison of Orthovanadate (Mg3V2O8) analyzed at the [532] Zone Axis with a)
SAED versus b) PED [6].
TEM will provide more information on the microstructure of the oxidized surface,
including the use of electron backscattered diffraction (EBSD) in combination with precession
electron diffraction (PED) and EDS to overlay the distribution of elements and the distribution of
corresponding oxidation products with orientation mapping to confirm evidence of diffusion
routes concentrated to grain boundaries, identify concentrated strain fields within the oxidized
ingress and at the oxide/alloy interface that attribute to spallation. An example is shown in
Figure 5.2, extracted from a cross-section of steam-oxidized APMT that had experienced
spallation. Orientation mapping notes heightened strain energies at the boundary between Grain
1 and 2 and the exposed edge of Grain 2, which may have been a point at which the oxidized
layer spalled due to increasing strain mismatch between grains. Overall, the employment of TEM
analysis will enhance a kinetic study by providing additional details on the microstructure of both
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the alloy and oxide as well as elucidate the spallation mechanism that can severely detain the
performance capabilities of surface oxidation.
Figure 5.2: Example of a) a TEM foil extracted from a cross section of steam-oxidized APMT, in
which PED identified b) two columnar grains (labeled ”Grain 1” and ”Grain 2”) in the oxidized
region, alongside orientation mapping highlighting strain fields throughout c) Grain 1 and d) Grain
2 based on the azimuth angle.
Another possibility for future work is incorporating XRD quantitative analysis alongside
TEM to characterize changes in lattice parameters in response to the development of strain
mismatch between the growing oxide and unreacted alloy, measure increase in strain energy
contributing to crack propagation throughout the oxidized growth, or correlate the contribution
of the crystallographic phases of the alloy elements to cation diffusion rates through the alloy and
oxidized growth.
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Needless to say, any of these future assessments of the alloys performance needs to be
repeated under irradiated conditions to note the impact on the oxidation mechanism in an
environment that more closely simulates that inside an operating nuclear reactor.
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